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Over the past two decades there has been a heightened interest in implementing 
gelled propellants for rocket propulsion, especially for hypergolic bi-propellants such as 
monomethylhydrazine (MMH) and nitrogen tetroxide oxidizer (NTO). Due to the very 
high level of toxicity of hypergolic liquid rocket propellants, increasing safety is an 
important area of need for continued space exploration and defense operations. Gelled 
propellants provide an attractive solution to meeting the requirements for safety, while also 
potentially improving performance.  
A gelling agent can be added to liquid propellants exhibiting Newtonian behavior 
to transform the liquid into a non-Newtonian fluid with some solid-like behavior, i.e. a gel. 
Non-Newtonian jet impingement is very different from its Newtonian counterpart in terms 
of fluid flow, atomization, and combustion. This is due to the added agents changing 
physical properties such as the bulk rheology (viscosity) and interfacial rheology (surface 
tension).  
Spray characterization of jet impingement with Newtonian liquids has been studied 
extensively in existing literature. However, there is a scarcity in literature of studies that 
consider the spray characterization of jet impingement with gelled propellants. 
xx 
 
This is a rather critical void since a major tradeoff of utilizing gelled propellants is 
the difficulty with atomization due to the increased effective viscosity. However, this 
difficulty can be overcome by using gels that exhibit shear-thinning behavior – viscosity 
decreases with increasing strain rate. Shear-thinning fluids are ideal because they have the 
distinct advantage of only flowing easily upon pressure. Thereby, greatly reducing the 
amount of propellant that could be accidentally leaked during both critical functions such 
as liftoff or engagement in the battlefield and regular tasks like refilling propellant tanks.  
This experimental work seeks to help resolve the scarcity in existing literature by 
providing drop size and drop velocity mean values and distribution of several non-
Newtonian liquids using a like-on-like impinging jet doublet. The drop size and drop 
velocity are important areas of study because of the effect on mass transfer and mass 
dispersal. Phase Doppler Anemometry (PDA) is used to measure the drop diameter and 
drop velocity. The drop diameter is measured by finding a phase difference between two 
signals. The drop velocity is measured using Laser Doppler Anemometry (LDA), which is 
based on the Doppler shift. Parametric studies are conducted based on dimensionless 
groups, impinging jet geometry, and spatial position.  
The investigated non-Newtonian liquids collapse onto a single mean diameter versus 
Reynolds number curve. However, this behavior is not observed for the gels due to 
differences in surface tension and molecular structure. In general, increasing the inertial 
force results in smaller drops and greater drop velocities. The different geometric 
parameters are observed to have varying degrees of influence, based on the propellant 
simulant considered. Larger drops with lower axial velocities are generally observed with 
increasing transverse distances from the centerline of the impinging jet spray.
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CHAPTER 1. INTRODUCTION 
Although rockets have been a part of the human imagination since antiquity, the 
modern rocket propulsion system was only developed in the 20th century. Modern rocket 
propulsion utilizes the combustion of propellants to create hot gases that are fed in a 
converging-diverging nozzle to generate thrust. Today, liquid rocket propulsion systems 
have emerged as the most popular form of propulsion for space exploration and defense 
operations. 
Reasons for the popularity of liquid rocket systems include controllability through 
throttling and higher specific impulse compared to other forms of chemical combustion. 
However, one major disadvantage of liquid propellants is the hazards associated with 
potential propellant leakage. (Humble et al., 1995).  This is especially true for hypergolic 
propellant combinations such as monomethylhydrazine (MMH) and nitrogen tetroxide 
oxidizer (NTO). Hypergolic propellants combust upon contact between fuel and oxidizer 
and do not need an ignition source.  Due to the very high level of toxicity of these 
hypergolic propellants, increasing safety is an important area of need. Furthermore, more 
ambitious future space mission will likely require greater performance and more stringent 
safety requirements. (Palaszewski, 1998).    
There has been a renewed interest in gelled propellants over the past two decades 
as a means of overcoming the disadvantages of liquid propellants. Gelled propellants can 
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be stored like solid propellants, but can also maintain the capacity of throttling because of 
their ability to flow like liquids when under pressure. (Nathan and Rahimi, 2001). The 
ability of a gel to not flow unless under pressure is desirable for propellant resupply, 
because containment and cleanup would be more manageable in the event of an accident. 
While on a mission, the risks from a damaged fuel or oxidizer tank would also be mitigated 
by using gels. Furthermore, energetic nanoparticles can be potentially suspended in the gel 
for a greater increase in performance. (Nathan and Rahimi, 2001). 
A gelling agent is added to liquid propellants exhibiting typical Newtonian behavior, 
to transform the liquid propellant into a non-Newtonian fluid with some solid-like behavior, 
i.e. a gel. Newtonian fluids have a constant value for viscosity regardless of strain rates, 
whereas the viscosity of non-Newtonian liquids varies with strain rates. One main 
disadvantage of gelled propellants, however, is the difficulty in atomization due to 
increased effective viscosity. (Nathan and Rahimi, 2001). In addition to changing the bulk 
rheological (viscosity) properties, the gelling agent can also change the properties of 
density and interfacial rheology (surface tension).  
Viscosity acts as a dampener during the atomization process and more viscous 
liquids produce larger drops. Furthermore, viscosity can also affect the injector flow rate 
and the spray pattern. (Lefebvre, 1989). The larger drops then directly reduces the 
combustion efficiency and impacts the combustion instability of the rocket engine. In order 
to overcome this, strong shear-thinning behavior is a requirement for the gel. Shear-
thinning behavior is the tendency of certain liquids to decrease in viscosity when under 
increased strain rates (Morrison, 2001). 
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Common injectors for liquid rocket engines include the impinging jet injector, 
coaxial injector, pintle injector, and swirl injector. Among these, the impinging jet injector 
is considered to be the most popular due to ease in fabrication, good atomization 
characteristics, and mixing that is both good in performance and away from the atomizer. 
(Gill et al., 1976). An impinging jet atomizer with two jets of the same liquid (either fuel 
or oxidizer) is called a like-on-like doublet. An unlike doublet (with one jet of fuel and one 
jet of oxidizer) can also be used, but operating parameters may need to be adjusted to 
account for difference in the momentum between the two jets. Strain rates for rocket 
propulsion systems with impinging jets range from 10-2 to 106 (Anderson et al., 1992).  
The viscosity and surface tension are the primary fluid parameters of interest for 
impinging jet atomization. The primary operating parameter of interest is the jet velocity. 
The dimensionless parameters that are used for impinging jet atomization studies are the 
Reynolds number (inertial force to viscous force) and the Weber number (inertial force to 
surface tension force). The internal length-to-orifice diameter ratio, free jet length-to-
orifice diameter ratio, and impingement angle are the primary geometric parameters.  
Representative diameters typically used to characterize the impinging jet spray 
include the arithmetic mean diameter (D10), Sauter mean diameter (D32), and the mass 
median diameter (MMD). The volume mean diameter (D30) is sometimes reported in 
literature, but it is not as common as the D10, D32, and MMD diameters. The arithmetic 
mean diameter is a first order mean and is used widely for the sake of comparisons. The 
Sauter mean diameter is a 5th order mean and it represents a volume to surface area 
comparison. The mass median diameter is defined as a representative diameter such that 
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50% of total liquid volume is in drops of smaller diameter. The Sauter mean diameter is 
the most applicable mean diameter for combustion purposes, because it best describes the 
fineness of the spray. (Lefebvre, 1989). 
Since the processes of injection, atomization, mixing, and combustion occur nearly 
simultajjjneously for a fuel/oxidizer system, an understanding of each of the processes 
requires their uncoupling (Humble et al., 1995). For instance, in liquid impinging jet 
atomization studies, water has been traditionally used instead of the propellant to eliminate 
the combustion process. Similarly for gel atomization studies, water based gels are used to 
study the spray characteristics.  
While there is an abundance of available literature for Newtonian studies, this is 
not currently available for non-Newtonian studies. Perhaps the greatest hole in literature is 
the lack of a study that characterizes the drop size and drop velocity of a non-Newtonian 
impinging jet spray with a high fidelity instrument, such as the Phase Doppler Anemometer 
(PDA). PDA systems have been well established in literature and have even been used in 
literature with Newtonian impinging jet sprays.  
Comparing the conclusions obtained from the many Newtonian atomization studies 
with those from the limited number of non-Newtonian studies can provide valuable insights 
on the effects of gelling agents on atomization. Chapter 2 will seek to consolidate the 
studies in existing literature that place an emphasis on drop size and drop velocity. The 
drop size and drop velocity are important areas of study because of their effect on mass 
transfer and mass dispersal. 
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The facilities used for this work, including the Dantec Dynamics PDA system, will be 
described in Chapter 3. Results from an extensive experimental investigation will be 
presented in Chapter 4. Experimental measurements will be presented of the bulk and 
interfacial rheology, influence of Reynolds and Weber numbers on the spray characteristics, 
and the influence of geometric parameters. Finally, the spatially resolved characteristics of 
the investigated sprays will be presented. Results obtained through these different 
investigative methods will be consolidated in Chapter 5. An outline for future work will 
also be provided in Chapter 5.   
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CHAPTER 2.  LITERATURE REVIEW 
2.1 Introduction. 
This chapter provides a review of the existing experimental studies of non-
traditional liquids used for rocket propulsion with the impinging jet injector. Gelling agents 
that have been used in literature are outlined. Expressions for dimensionless numbers used 
to characterize atomization studies are provided. The breakup mechanism for impinging 
jet atomization is described. Atomization regimes, which depend on the Reynolds number, 
are presented for both Newtonian and non-Newtonian liquids. The effect of the inertial 
force on both Newtonian and non-Newtonian atomization characteristics is reviewed. The 
influence of the injector geometric parameters on the spray characteristics using both 
Newtonian and non-Newtonian liquids is detailed. Finally, studies that describe the spatial 
variation of Newtonian and non-Newtonian sprays are reviewed.  In all cases, the drop size 




2.2 Non-Traditional Liquids. 
This subsection provides an overview of the different types of gelling agents that 
have been considered in literature, rheological models used to characterize non-Newtonian 
behavior, and expressions for dimensionless numbers used in non-Newtonian atomization 
studies.  
 
2.2.1 Gelling Agents. 
As shown in the review paper by Rahimi (2007), non-traditional liquids for use 
with aerospace propulsion systems have been investigated for decades.  Slurries of liquid 
propellants with metal particles were the first attempt to enhance propulsion by altering the 
liquid fuel. However, these attempts were unsuccessful due to the lack of shear-thinning 
behavior of the slurry. Further efforts in developing gelled propellants were then 
undertaken by the US Army using hydrazine gels with beryllium, the US Navy with gelled 
hydrazine and nitric acid, and U.S. Department of Defense funded research using gelled 
hydrazine and nitric acid derivatives. However, their efforts did not lead to a gel-based 
operational missile system and the interest in this area temporarily declined. An increased 
demand for improved safety and performance in the 1980s led to a renewal of interest in 
gelled propulsion. Research at the NASA Lewis Research Center focused primarily on 
gelling efforts for hypergolic and cryogenic liquid rocket systems.  
Gelling agents can generally be divided into two groups: organic and inorganic. 
Organic agents, such as hydroxypropylcellulose (HPC), burn with the propellant during the 
combustion process. In contrast, inorganic agents such as silica remain unburned. (Arnold, 
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2010). Some of the other gelling agents that had been considered in the past include 
acetylene black, hydroxyalkylcellulose, alginic acid, and pilacrylic acid. (Beighley, 1969).  
More recent research in gelled propellants has focused on the atomization 
characteristics. Chojnacki and Feikema in 1996 investigated gelling agents such as 
Carbopol 941 and carboxymethylcellulose (CMC) with water. In 2003 Jayaprakash and 
Chakravarthy studied a gelled kerosene fuel. Von Kampen and coworkers since 2006 have 
studied fuels such as Jet A-1 and nitromethane with gelling agents including thixatrol ST, 
BYK, and fumed silica. Fakhri and coworkers in 2009 and 2010 studied a carbopol water 
gel. In 2011 Baek and coworkers also studied a carbopol gel.  
Mallory and Sojka in 2010, 2011, 2012, and 2014 studied several gelling agents 
using water as the solvent, including: HPC, CMC, polyethylene oxide, xanthan gum, cekol, 
kelcogel, iota carrageenan, kappa carrageenan, and agar. Only the CMC, kappa 
carrageenan, and agar solutions were observed to display suitable atomization and 
rheological behavior for gelled propulsion systems.  
Both agar and kappa carrageenan are polysaccharides derived from red seaweed 
and are commonly used in the food science industry as a gelling agent. Although both of 
the solutions formed by these gelling agents are similar in physical nature and form rigid 
inelastic gels, they are very different at the molecular level. Inside the double helical 
structure, kappa carrageenan has a sulfate group in place of some hydroxyl groups and 
contains more hydrogen atoms than agar. The higher number of hydrogen atoms enables 
the chemical structure to form stronger bonds with surrounding molecules. Thus, kappa 




2.2.2 Rheological Behavior.  
Fluid flow behavior for shear-thinning, inelastic, non-Newtonian fluids that do not 
show a yield stress can best be characterized using the Bird-Carreau model. The Bird-
Carreau model is a simplification of the Carreau-Yasuda model. The simplification is done 
by setting the parameter a, which is the shape of the transition region between the rapidly 
decreasing part of the viscosity curve and the zero-strain rate plateau, equal to 2 for a shear-
thinning fluid. Equation 2.1 provides the expression for the Bird-Carreau rheological model:   
 . (2.1) 
In the above equation η is the effective viscosity as a function of the strain rate ?? . 
Zero- and infinite-shear rate viscosity limits are symbolized by η0 and η∞ respectively. The 
parameter n is called the flow behavior index and describes the rapidly decreasing part of 
the viscosity curve. The parameter λ describes the fluid time response to a change in strain 
rate. (Morrison, F., 2001). 
If the non-Newtonian fluid shows yield stress characteristics, then the Bird-Carreau 
model does not effectively describe its rheological characteristics. Instead, a model such as 
the Hershel-Bulkley Extended model is a better fit. Equation 2.2 describes the effective 
viscosity versus strain rate behavior of this model:  
. (2.2) 
In the above equation η is again the effective viscosity as a function of the strain 
rate ?? . The infinite-strain rate viscosity limit is once again symbolized by η∞. The 
parameter n is again called the flow behavior index and describes the rapidly decreasing 
??
?
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part of the viscosity curve. The parameter K is described as a consistency index. (Madlener 
and Ciezki, 2012). 
The surface tension of liquids can be measured using well established methods such 
as the Du Noüy ring or Whilmey plate methods. Since there are no interactions at the 
interface of the gelling agent, the surface tension of a gel can be assumed constant and 
independent of the shear rate. However, no universally agreed method currently exists to 
describe the surface tension of a gel. Methods that are used to characterize the liquid surface 
tension cannot be used for a gel because of the solid like nature of the gel. (Mallory, 2012).   
The contact angle method with Young’s equation has been used in literature to 
calculate the surface energy of a solid. Young’s equation is presented in Equation 2.3.  In 
order to determine the surface tension of the gel, the gel is considered as a solid and the 
surface energy measured is taken to be the surface tension value. The equation is: 
 . (2.3) 
This equation relates the contact angle θCA, static surface tension of the motor oil 
γL, interfacial surface tension between the motor oil and the solid γSL, and the surface 
tension of the gel γS. The interfacial surface tension between the motor oil and gel is 
assumed to be that of motor oil and water, because the gel is 99% water. This is done with 
the understanding that this introduces some degree of inaccuracy. (Mallory, 2012).     
Mallory used a Nikon L110 camera to capture images of a liquid drop of 10W40 
motor oil on the Agar gel. The contact angle was then measured using the ImageJ software 
program. This measurement was compared with surface tension measurements using a Du 
Noüy tensiometer of liquid Agar solutions at lower agent concentrations. Measurements 
)cos( CALSSL ???? ??
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showed fair agreement with existing surfactant theory. But due to the experimental 
uncertainty of the contact angle, a definite conclusion could not be made. (Mallory, 2012).      
 
2.2.3 Dimensionless Numbers. 
The Reynolds number and Weber number are used as dimensionless parameters to 






In this expression ρL is the liquid density, Uj is the jet velocity, d0 is the orifice diameter, 
and μL is the dynamic viscosity of the liquid. This expression is the ratio of the inertial 
force to the viscous force.  
For non-Newtonian studies, the Reynolds number has to account for the 
dependence of viscosity on strain rate. A generalized Reynolds number based on the Bird-
Carreau model is available in literature (Mallory and Sojka, 2011). This expression is 
provided in Equation 2.5: 
. 
(2.5) 
The terms in this expression are the Bird-Carreau parameters described in section 2.2.3 
with the liquid density, jet velocity, and orifice diameter. Note that the parameter a is set 
































A generalized Reynolds number based on the Herschel-Bulkley Extended model is 
also available in literature (Madlener et al., 2008). The expression for this generalized 
Reynolds number is given in Equation 2.6: 
 
(2.6) 
The terms in this expression are the Herschel-Bulkley Extended parameters described in 
section 2.2.3 with the liquid density, jet velocity, and orifice diameter.  
The Weber number, which is the ratio of the inertial force to the surface tension 
force, is the same for both Newtonian and non-Newtonian liquids. This is because the 
surface tension can be assumed to be independent of the strain rate (due to no interactions 






The density of the liquid, jet velocity, orifice diameter, and surface tension γL are used in 
this expression.  
 
2.2.4 Summary of Non-Traditional Liquids Literature. 
The number of recent studies over the last twenty years is evidence of the renewed 
level of interest in gelled propellants. Despite this level of interest, identifying an optimal 
gelling agent has been far from established. Inorganic agents are inferior to organic agents 
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when mixed with the fuel, because the former does not burn during combustion. It has also 
been recently discovered that HPC does not display suitable atomization characteristics. 
Furthermore, a variety of other elastic agents have been determined to be unsuitable for 
atomization.  
The current literature points to agar and kappa carrageenan as the gelling agents 
best suited for use with gelled propulsion systems, since it has been shown that they both 
produce drops. Based on recent studies it appears that the difference in molecular structure 
also plays a key role in atomization. This indicates that future investigations for additional 
suitable gelling agents must carefully consider the molecular nature of the gel.  
Due to the strain rate dependence of viscosity, the Reynolds number must be 
modified for non-Newtonian liquids. The Carreau-Yasuda model is the best choice to 
account for shear-thinning behavior of liquids that don’t have a yield stress, because it has 
been shown to adequately capture the details of the experimentally measured viscosity. For 
non-Newtonian fluids that display a yield stress, the Hershel-Bulkley Extended model is 
currently the best choice. The generalized Reynolds number based on these models can be 
used as dimensionless parameters for non-Newtonian atomization.  
The Weber number is unaffected because studies have shown that the surface 
tension does not vary with strain rate. At the same time, this is tough to validate since 
obtaining measurements for the surface tension of gels has proven to be difficult - 
traditional methods cannot be used due to the solid-like nature of the gel. Making use of 
Young’s equation shows some promise as a means for characterizing the surface tension 




2.3 Experimental Techniques. 
This sub-chapter provides an overview of the experimental methods used for 
atomization studies in literature and provides background on the Phase Doppler 
Anemometry used in this work.   
 
2.3.1 Overview of Experimental Methods. 
Experimental techniques that have been used to study the spray characteristics, such 
as drop size and drop velocity, are primarily: spray photography, Phase Doppler 
Anemometry, and laser diffraction. Table 1 groups a selection of the literature considered 
in this review in terms of the experimental technique used.  
Still photography using the shadowgraph technique with image analysis has been 
extensively used for atomization studies. However, there is limited spatial resolution with 
this approach due to it being a planar technique. Furthermore, small drops are not typically 
captured due to the limited dynamic range. Images are usually analyzed in the plane of the 
sheet formed by the two jets.  
Phase Doppler Anemometry (PDA) measures the drop diameter by finding a phase 
difference between two signals. The drop velocity can also be measured using Laser 
Doppler Anemometry (LDA), which is based on the Doppler shift. Measurements are 
typically made a few centimeters below the impingement point at the centerline of the 
spray. This is a point measurement technique that can provide very good spatial resolution. 
However, drops must be spherical in order to be measured. Phase Doppler Anemometry is 
extensively covered in literature in references such as Albrecht et al. (2003). Further details 
on the PDA will be provided in the following section.  
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Laser diffraction techniques can measure the drop distribution of a spray using a 
line of sight measurement. The advantage of this technique over the PDA is that non-
spherical drops and drops formed by non-homogeneous gels can be measured. However, 
measurements must be made far enough downstream to ensure that size-velocity 
correlations are not present in the probe volume. 
 






Liquid Studied Investigators 
Photography 
Newtonian 
1957 - Heidman et al. 
1962 - Heidman and Foster 
1963 - Dombrowski and Hooper 
Non-Newtonian 
1996 - Chojnacki and Feikema 
2003 - Jayaprakash and Chakravarthy 
2006 - von Kampen et al. 
2011 - Baek et al. 
2012 – Mallory 




1992 - Anderson et al. 
1992 - Vassallo et al. 
Laser 
diffraction 




2.3.2 Phase Doppler Anemometry. 
Phase Doppler Anemometry measures the drop diameter by finding the phase 
difference between two signals. The drop velocity can also be simultaneously measured by 
making use of the Laser Doppler Anemometry capability of the PDA system. 50,000 
samples for each data point can ensure very strong statistical significance. 
The measurement volume of the PDA is the region where intersecting fringes are 
formed from two intersecting laser beams. Light is scattered from the bright planes of the 
interference fringes when a drop enters the probe volume. The receiving optics focuses the 
scattered light onto two pairs of photo-detectors. The optical signal is then translated into 
a Doppler burst by the detectors. The drop velocity is directly proportional to the Doppler 
burst. (Muliadi, 2009). 
The Doppler bursts generated by one of the photo-detectors have a phase shift relative 
to bursts generated by the other, due to the finite space in between the two photo-detectors. 
This phase shift enables the system to measure the drop diameter. This is because the 
diameter of the drop and its refractive index is proportional to the phase shift. (Muliadi, 
2009). 
 
2.3.3 Summary of Experimental Techniques Literature.  
While each experimental technique has its own advantages and disadvantages, it can 
be reasonably argued that Phase Doppler Anemometry is the best technique currently 
available. The current lack of a PDA study of a non-Newtonian impinging jet spray is a 




2.4 Spray Formation. 
This sub-chapter describes the primary atomization breakup process, and 
summarizes the atomization regimes for both Newtonian and non-Newtonian liquids.  
 
2.4.1 Breakup Mechanism.  
Jet impingement atomization studies are usually conducted with non-reactive 
liquids for the sake of simplicity and safety. Newtonian jet impingement studies are 
typically conducted with water. Water gels are typically used for non-Newtonian jet 
impingement studies, but some studies have used fuel-based gels. A like-on-like doublet is 
generally used for atomization studies since the same liquid can be used in both streams. 
The atomization mechanism for the impinging jet injector with like-on-like doublet 
configuration involves two cylindrical liquid jets with equal jet velocity and jet diameter 
impinging on each other. This impingement creates a flat liquid sheet that is perpendicular 
to the momentum vectors of the two jets. Instabilities are present on this sheet that promote 
breakup. The sheet disintegrates into cylindrical ligaments, and the ligaments then 
disintegrate into drops. Figure 2.1 provides a schematic of this breakup process. 
Disintegration is primarily caused by the aerodynamic and inertial forces and is opposed 
by the force of surface tension. The liquid viscosity acts as a dampener for breakup – liquids 







Figure 2.1. Impinging jet breakup mechanism. (Mallory, 2012). 
 
  












2.4.2 Newtonian Regimes. 
Four distinct breakup regimes are observed for impinging jet atomization while 
considering Newtonian liquids. The regimes are classified using the Reynolds number, 
which is usually varied using the jet velocity.  The four regimes are: “Closed Rim” for 
Reynolds numbers less than 2,500, “Periodic Drop” for Reynolds numbers greater than 
2,500 but less than 5,000, “Open Rim” for Reynolds numbers between 5,000 and 10,000, 
and “Fully Developed” for Reynolds numbers greater than 10,000. Figure 2.2 provides 
images of the spray pattern in each regime. A glycerol and water solution is used as the 
liquid in this study. Images of the spray are taken with spray photography – using both 
high-speed motion pictures and single-exposure micro-flash photographs. (Heidman et al., 
1957). 
In the “Closed Rim” regime, drops are shed from a distinct rim that completely 
surrounds the smooth liquid sheet. A jet, which decays as it travels further downstream, is 
formed at the end of the sheet that is opposite to the impingement point. In the “Periodic 
Drop” regime, a shorter sheet length compared to the one from the “Closed Rim” regime 
is observed. Drops are also shed tangentially from the sheet periphery, and ligaments 
separate from the sheet in a periodic manner before decaying into drops further downstream. 
The well-defined ring of the “Closed Rim” regime is also no longer present in the “Periodic 
Drop” regime. In the “Open Rim” regime, the sheet structures cannot be clearly identified 
as the breakup process in now highly turbulent. Ligaments, which breakup into drops 
further downstream, can be seen emanating from what appears to be holes in the sheet. In 
the “Fully Developed” regime, ligaments and drops are formed immediately after 
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impingement – the liquid sheet is no longer even visible. The drops are also observed to 
travel downstream in waves in this regime. (Heidman et al., 1957). 
 
Figure 2.2. Atomization regimes of Newtonian liquids. (Heidman et al., 1957). 
(a) Closed Rim with Drop Formation, Re < 2,500  
(b) Periodic Drop, 2,500 < Re < 5,000  
(c) Open Rim, 5,000 < Re < 10,000  








2.4.3 Non-Newtonian Regimes. 
A gelled solution of 50 wt.-% Jet A-1, 7.5 wt.-% thixatrol ST, 7.5 wt.-% MIAK and 
35 wt.-% aluminum particles (average diameter of 10 μm) was used to identify three 
distinct breakup regimes for impinging jets with non-Newtonian liquids. These regimes are 
classified using the Reynolds number, using the power-law model to account for non-
Newtonian behavior. Similar to the Heidman et al. study, the Reynolds number in this 
study is also varied through the jet velocity. A solution of nitromethane gelled with BYK 
was also tested, and it yielded an atomization pattern that was not observed using the Jet-
A solution. Yet another pattern was observed using nitromethane with fumed silica as the 
gelling agent. This pattern was not observed with the other two non-Newtonian solutions. 
The shadowgraph technique is used to observe the different behaviors. (von Kampen et al., 
2006).  
The three atomization regimes observed for the Jet-A solution are the “Rays-shaped 
Pattern”, “Ligament Structures”, and “Fully Developed Pattern” regimes. Figure 2.3 
provides an image of the spray pattern in each regime. In the “Rays-shaped Pattern” regime, 
structures that resemble rays, which originate from the impingement point, are seen on the 
surface of the sheet. This regime is observed at a generalized Reynolds number of 645. 
Near the impingement point, the rays-like structures are observed to break up into net-like 
structures. Downstream of the impingement point, the rays break up into ligaments and 
large drops. This regime was not known from previous Newtonian impingement studies. 
In the “Ligament Pattern” regime, waves are observed on the surface of the sheet, that then 
cause ligaments to detach in a periodic manner. This regime is observed at a generalized 
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Reynolds number of 7970. As the ligaments travel downstream they breakup into smaller 
ligaments and drops. In the “Fully Developed Pattern” regime, the sheet is small and 
irregular and directly decays into drops periodically, without forming into ligaments first. 
This regime is observed at a Reynolds number of 180,850. (von Kampen et al., 2006).   
The solution of nitromethane gelled with BYK displayed atomization behaviors that 
did not fall under these three regimes. Distinct fiber-like structures are observed, and 
interestingly enough these structures did not experience further breakup into drops. This 
regime is called the “Fiber Production Pattern”. Figure 2.4 provides an image of this 
atomization behavior. This pattern is observed at a very large generalized Reynolds number 
of 86,000. (von Kampen et al., 2006). 
Another breakup behavior is observed for nitromethane gelled with fumed silica. A 
“Granular Rays-shaped Pattern” regime is observed for a generalized Reynolds number of 
1,305.  In this regime, granular structures are observed on the sheet surface, and radial-
oriented ligaments are observed downstream of the sheet. The rays emanating from the 
sheet are more irregular and coarser than the earlier described “Rays-Shaped Pattern” 
regime. At a higher Reynolds number of 5250, the radial-oriented ligaments are still 
observed, but bow-shaped ligaments are also formed. This “Ligament Structures” regime 
is similar to the one observed with the Jet-A solution at a Reynolds number of 7970. Figure 





Figure 2.3. Atomization regimes of Jet A-1, thixatrol ST, MIAK, Al particles.  
(von Kampen et al, 2006). 
(a) Rays Shaped Pattern, Re = 645 
(b) Ligament Structures, Re = 7,970 





Figure 2.4. Atomization of nitromethane with BYK.  
(von Kampen et al., 2006). 










Figure 2.5. Atomization regimes of nitromethane with fumed silica.                               
(von Kampen et al., 2006). 
(a) Granular Rays-Shaped Pattern, Re = 1,305 
(b) Ligament Structures, Re = 7,970 
 
 
2.4.4 Summary of Spray Formation Literature. 
The atomization process for impinging jets has been describes as jets to sheet to 
ligaments to drops. Yet the Reynolds number has a great effect on the flavor of this breakup 
process. For instance, in the “Closed Rim” regime, a distinct sheet is formed and drops are 
shed from the rim of the sheet. In contrast, for the “Fully Developed” regime the sheet is 
no longer even visible; ligaments and drops form right at the impingement point. 
For Newtonian liquids, four distinct regimes are identified. However, atomization 
regimes for non-Newtonian liquids are not observed to be nearly as clear-cut. Each non-
Newtonian solution seems to exhibit its own behavior. In the case of the Jet-A gelled 
solution, regimes are observed that were not previously known for Newtonian atomization. 
However, von Kampen and coworkers also observed the “Rays-shaped” pattern for high 
viscosity Newtonian liquids, such as cyclohexanol and ethyleneglycol.  Perhaps with 
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further studies it may be possible to determine a set of regimes that encompass both 
Newtonian and Non-Newtonian liquids.  
Nitromethane solutions gelled with two different gelling agents, BYK and fumed 
silica, showed two different atomization behaviors. It appears as though once a gelling 
agent is introduced to a liquid, the gelling agent takes over the fluid properties that 
influence atomization. It is also interesting to note that the solution with BYK did not even 
form drops. For this solution, the atomization model of “Sheet to Ligaments to Drops” 




2.5 Influence of Inertial Force on Spray Characteristics. 
This sub-chapter presents the information in existing literature regarding the effect 
of the inertial force by varying the jet velocity parameter. Previous studies have looked at 
scaling relationships between jet velocity and spray characteristics such as frequency of 
waves, sheet breakup length, drop diameter, and drop velocity. Information for both 
Newtonian and non-Newtonian liquids is presented.  
 
2.5.1 Effect of Jet Velocity on Spray Characteristics of Newtonian Liquids.  
The effect of jet velocity on the frequency of waves has been studied in literature. 
With increasing jet velocities from 7.6 – 11.3 m/s, the measured frequency of waves 
increased linearly at about 100 cycles per second for every meter per second increase in 
velocity. Spray photography was used to obtain measurements for frequency.  A 1.02 mm 
orifice diameter is used in this study with water as the liquid. (Heidman et al., 1957).  
The effect of varying jet velocity on the D32 mean diameter has also been studied 
for a jet velocity range from 7.3 – 19.5 m/s. With increasing jet velocity the mean drop size 
was observed to decrease, with a lesser effect for higher impingement angles. The drop 
size data was measured in the central region of the spray using spray photography. Water 
with 0.5 wt.-% nigrosine dye was used as the liquid in this study with a 0.5 mm orifice 
diameter. (Dombrowski and Hooper, 1963). 
A study describing the effect of jet velocity on the breakup length and arithmetic mean 
drop diameter is also present in literature. With jet velocities from 6.4 – 25 m/s, the breakup 
length was observed to increase. The arithmetic mean drop diameter was observed to 
decrease with increasing jet velocities. The drop velocity was observed to increase with 
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increasing jet velocity. Drop size and velocity data was recorded at spatial locations 1.6 
and 4.1 cm downstream of the impingement point at the centerline of the spray using Phase 
Doppler Anemometry. Water is used as the liquid in this study with a 0.64 mm orifice 
diameter. (Anderson et al., 1992).  
The effect of the jet velocity, through the volumetric flow rate, is also available for 
spatial locations other than the centerline. Phase Doppler Anemometry was also used in 
this study to record drop size data 5 cm below the injector. Measurements are taken at three 
different points of the spray: the centerline, and radial distances 2 cm along the axes parallel 
and perpendicular to the plane of the sheet. In all three locations, the arithmetic drop 
diameter is observed to decrease with increasing flow rate. The drop velocity was observed 
to increase with increasing flow rate at all three locations. Flow rate values between 1.81 
– 3.63 ml/s are used for this study with a 0.356 mm orifice diameter. This corresponds to 
a jet velocity range of 9.1 – 18.2 m/s. (Vassallo et al., 1992). 
 
2.5.2 Effect of Jet Velocity on Spray Characteristics of Non-Newtonian Liquids. 
The effect of jet velocity on solutions of carbopol gels with and without SUS304 
particles is available in literature. With increasing jet velocity, the D32 mean diameter is 
observed to decrease until a converging drop diameter is reached. The converging D32 
value for the carbopol gels is about 75 – 77 μm. It was also noted that the gelled solutions 
produced a number of non-spherical drops. These were not included in the mean diameter 
calculation. Data using water is also taken for comparison and the converging D32 of water 
is about 100 μm. Jet velocity range is 4.9 – 34.2 m/s for water, 10.5 – 57.6 m/s for carbopol 
gel without nanoparticles, and 18.6 – 55.1 m/s for Carbopol gel with nanoparticles. Drop 
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size data was recorded using spray photography at a spatial location of 15 cm downstream 
of the impingement point. A 0.7 mm orifice jet diameter is used in this study. (Baek et al., 
2011).  
The effect of the jet velocity for spatial locations other than the centerline is also 
available in literature for the carbopol gel. In this study, the jet velocity is also varied 
through the volumetric flow rate. D32 mean diameter was recorded using a laser diffraction 
technique at spatial locations 19 cm downstream of the impingement point and at radial 
distances up to 4 cm away from the centerline. With increasing flow rates from 0.83 – 3.75 
ml/s, D32 mean diameter was observed to decrease at all spatial locations. A 0.5 mm jet 
diameter was used in this study. The flow rate corresponds to a jet velocity range from 2.1 
– 9.6 m/s. (Fakhri et al., 2010) 
 
2.5.3 Summary of Influence of Inertial Force on Spray Characteristics literature. 
The available literature indicates that using larger jet velocities produces sprays 
with smaller drop diameters and greater drop velocities. This is observed using different 
measurement techniques, different orifice diameters, and different spatial locations. 
Furthermore, this trend appears to hold true for both Newtonian and non-Newtonian liquids. 
However, it should be noted that much larger jet velocities are needed for gelled liquids 
compared to Newtonian liquids. As jet velocity increases, the drop size reaches an 
asymptotic value. It is interesting that the asymptotic drop diameter value is lower for the 
gel than for water. Baek et al. (2011) theorized that the elasticity of the gels is responsible 
for the smaller asymptotic gel drop size. In conclusion, the Reynolds number through the 
jet velocity clearly has an effect on the atomization quality.  
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2.6 Influence of Geometry on Spray Characteristics. 
Existing literature delineates a set of optimal geometric parameters for the like-on-
like doublet injector with Newtonian liquids. An impingement angle of 60 degrees is 
determined to be the most common. The free jet length-to-orifice diameter ratio is 
recommended to be kept below 5-7 to prevent mis-impingement due to partially 
disintegrated liquid streams. It is also recommended that an internal length-to-orifice 
diameter of at least 4 be used to ensure fully developed flow. (Gill and Nurick, 1976). 
The effect of geometric parameters on non-Newtonian liquids in existing literature 
is not nearly as comprehensive. However, a preliminary investigation to determine the 
impact of various geometric parameters on non-Newtonian liquids is available. It was 
discovered that the optimal parameters for Newtonian liquids do not hold true for non-
Newtonian liquids. A higher length-to-orifice diameter ratio of 20 was believed to be 
optimal. It was also determined that a larger free jet-to-orifice length is needed to achieve 
drop formation, with an x/d of 60 believed to be optimal. A larger impingement angle was 
also believed to be better suited for non-Newtonian liquids, with 100 degrees thought to be 
the optimal angle. Liquids tested to determine these parameters include CMC, agar, and 
kappa carrageenan. (Mallory, 2012). 
An image of the geometric parameters for the like-on-like doublet is given in Figure 







Figure 2.6. Geometric parameters for like-on-like doublet. (Mallory, 2012). 
 
2.6.1 Influence of Internal Length-to-Orifice Diameter Ratio on Spray 
Characteristics. 
The effect of internal length-to-orifice diameter ratio on the breakup length and 
drop size is available in literature. A negligible effect on the breakup length and drop size 
was observed for varying internal length-to-orifice diameter ratios of 5, 35, and 80. Water 
was used as the liquid for both studies. Drop size data was recorded at spatial locations 1.6 
and 4.1 cm downstream of the impingement point using Phase Doppler Anemometry. 
(Anderson et al, 1992).  
Literature provides a study for the effect of internal length-to-orifice diameter ratio 
on the breakup length and the D32 mean diameter of a gelled propellant. Carbopol 981A 
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with deionizer water is used as the water based gelled stimulant. L/d ratios of 5 and 20 
were used in this study. The configuration with the greater ratio was observed to have a 
greater breakup length and greater mean diameter. Drop size data was recorded at spatial 
locations 19 cm downstream of the impingement point at radial distances up to 4 cm away 
from the centerline using a laser diffraction technique. The L/d ratio also had an effect on 
the near-field jet stream. Greater surface disturbances were observed with the smaller ratio, 
causing hydraulic flip at higher flow rates and therefore mis-impingement of the jets 
(Fakhri et al., 2010). This is also observed for previous studies of Newtonian liquids such 
Nurick et al. (1976).  
Another study of internal length-to-orifice diameter ratio on the spray pattern, 
breakup length, and drop diameter is also available in literature. Agar 1 wt.-% with 
deionized water is used as the water based gelled stimulant. L/d ratios of 20 and 50 were 
used in this study. The spray pattern and breakup length were not observed to vary 
significantly with varying L/d ratios. The configuration with the greater ratio was observed 
to produce a greater mean diameter. However, a definite conclusion could not be drawn 
due the uncertainty associated with the measurement. Drop size data was measured using 
photography and image analysis software. (Mallory, 2012). 
 
2.6.2 Influence of Free Jet Length-to-Orifice Diameter Ratio on Spray 
Characteristics.  
The effect of free jet length-to-orifice diameter ratio on the wave frequency is 
available in literature. A negligible effect on frequency was observed for varying x/d ratios 
from 6 to 60. Spray patterns were also investigated for x/d ratios from 10 – 60. An increase 
32 
 
in dispersion of the spray was observed with increasing free jet length-to-orifice diameter 
ratios. This study used the shadowgraph technique with water as the liquid. (Heidman et 
al., 1957). 
The effect of free jet length-to-orifice diameter ratio on the breakup length, sheet 
width, and drop size is also available in literature. For increasing x/d ratios from 4 – 60, 
longer breakup lengths and slightly more narrow liquid sheets were observed. For cases of 
higher jet velocity, the x/d ratio had a lesser effect. Slightly smaller arithmetic mean drop 
diameters were observed for increasing free jet length-to-orifice diameter ratios. This effect 
is more pronounced for spatial locations away from the centerline. Drop size data was 
recorded at spatial locations 1.6 and 4.1 cm downstream of the impingement point using 
Phase Doppler Anemometry with water as the liquid. (Anderson et al., 1992).        
A study that independently varies the free jet length-to-orifice diameter ratio for 
non-Newtonian liquids could not be found in the available literature. A study using a 
solution of water with 1 wt.-% agar as the liquid is available with varying x/d ratio from 
23 – 74. However, other parameters such as impingement angle, orifice diameter, and jet 
velocity are also varied. Since the x/d ratio was not varied in isolation, the impact of this 
parameter cannot be drawn from this study. (Mallory and Sojka, 2011).  
 
2.6.3 Influence of Impingement Angle on Spray Characteristics. 
The effect of impingement angle on the frequency of waves and the resultant spray 
velocity for a spray is available in existing literature. With decreasing impingement angle 
from 100 – 50 degrees, the measured frequency of waves increased linearly. The spray 
velocity also increased with decreasing impingement angle. Water was used as the liquid 
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in this study. Spray patterns are also available for impingement angles of 30, 60, and 90 
degrees. As impingement angle increases, a more distinct wave formation and shorter 
distances for complete disintegration are seen. Larger impingement angles also appear to 
show greater spray dispersion. (Heidman et al., 1957).  
The effect of impingement angle on the drop size distributions and the spray pattern 
is also available in existing literature. With decreasing impingement angle from 90 – 10 
degrees, the volume-number mean diameter and the mass median drop diameters were 
observed to increase. An increase in the number of small drops was also observed with 
increasing impingement angle. Drop size data was recorded at a spatial location 20.3 cm 
downstream of the impingement point. The distributions contained diameters between 200 
– 600 μm, and exhibited bi-modal behavior. Measurements were taken using water in a 
duct with 30.5 m/s air velocity, rather than in a quiescent environment. At low jet velocities, 
the effect of impingement angle on the mean diameters was most pronounced. Agreeing 
with previous work, increasing the impingement angle produced greater dispersion. It was 
also observed that larger impingement angles decreased sheet length. (Heidman and Foster, 
1961).  
The effect on D32 mean diameter and sheet velocity caused by varying impingement 
angle is also available in literature. Laminar and turbulent jets are studied with varying 
impingement angles from 50 – 150 degrees. For laminar jets at lower velocities, the sheet 
velocity decreased linearly with increasing impingement angle. This is also the case for 
turbulent jets at all of the jet velocities considered. The mean drop size was shown to 
decrease with increasing impingement angle for both laminar and turbulent jets. The drop 
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size data was measured in the central region of the spray using spray photography. Water 
with 0.5 wt.-% Nigrosine dye was used as the liquid. (Dombrowski and Hooper, 1963). 
The effect of the impingement angle on the breakup length and arithmetic mean 
drop size is also available in literature. With decreasing impingement angle from 100 to 40 
degrees, the breakup length was observed to increase. The arithmetic mean drop size was 
observed to decrease with increasing impingement angle. Drop size data was recorded at 
spatial locations 1.6 and 4.1 cm downstream of the impingement point using Phase Doppler 
Anemometry. Water was also used as the liquid in this study. (Anderson et al., 1992).   
The effect of impingement angle on the sheet length is available in literature for a 
gelled solution of water with 1.0 wt.-% sodium hydroxide and with 0.5 wt.-% Carbopol 
941. In this study the impingement angle was varied from 15 – 60 degrees, and the resulting 
impact on atomization was observed. It was discovered that at 15 degrees, no 
hydrodynamics waves are produced in the laminar regime. The formation of ligaments was 
observed, especially at higher jet velocities. However, there is no sign of droplet formation. 
Spray photography was used to study the breakup behavior in this study. (Chojnacki and 
Feikema, 1996).   
The effect of impingement angle on the D32 mean diameter and D10 mean diameter 
is also available in literature. The liquid used in this work is a solution of kerosene with 30 
wt.- % 15 μm aluminum particles. With increasing impingement angle from 50 – 70 
degrees, both the D32 and arithmetic mean diameters are observed to decrease at all 
injection pressures. Drop size data was recorded by photography at a spatial location 7.5 
cm downstream of the impingement point. Larger impingement angles also appear to show 
greater lateral spread in the resulting spray. (Jayaprakash and Chakravarthy, 2003).  
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2.6.4 Summary of Influence of Geometry on Spray Characteristics Literature.   
The effect of geometric parameters on Newtonian liquids has been thoroughly 
studied. The internal length-to-orifice diameter ratio appears to affect non-Newtonian 
liquids, but does not appear to affect Newtonian liquids. The reason for this difference is 
not clear, but it may be due to the higher effective viscosity of the gelled propellants. A 
side-by-side study of both Newtonian and non-Newtonian liquids would provide insight 
on the influence of this parameter on the two fluid types.  
The free jet length-to-orifice diameter does not appear to be a very strong parameter. 
Anderson and coworkers (1992) noticed a slight difference, but even this is less at higher 
velocities. Gill and coworkers (1992) recommended that the x/d ratio be kept below 5-7 to 
decrease the likelihood of mis-impingement. However, based on the work of Mallory, it 
appears that a greater x/d ratio is better suited for non-Newtonian liquids. A study that 
independently varies x/d for a non-Newtonian gel is another gaping role in the literature.     
There is agreement that an increase in impingement angle will result in a spray with 
smaller drops and higher velocity. This trend is observed with different measurement 
techniques. However, at higher jet velocities the impingement angle is less influential. 
These trends are also observed in the limited non-Newtonian literature. It is typically more 
difficult to form small drops with non-Newtonian liquids; therefore it is important to use a 
larger impingement angle. However, further studies are needed to confirm this. In the 
Heidman and Foster study, secondary atomization may be present in the spray and could 
be the pause of the bi-modal distribution observed. Recall that the spray was tested in a 
duct with a jet velocity of 30.5 m/s.  
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2.7 Spatially Resolved Spray Characteristics. 
This sub-chapter presents information available in existing literature regarding the 
spatial distribution of an impinging jet spray. Studies using Newtonian and non-Newtonian 
liquids are reviewed.  
 
2.7.1 Spatial Distribution of Newtonian Sprays.  
The drop size and drop velocity across a spatial distribution of a water spray is 
available in existing literature. Measurements are made at 5 cm downstream of the injector 
using Phase Doppler Anemometry with water as the liquid. The entire spray region at this 
axial location is encompassed by a 4 cm x 4 cm area. An x-y coordinate system is used in 
this study with x = 0 corresponding to the centerline parallel to the plane of the impinging 
jets. The y = 0 corresponds to the centerline perpendicular to the plane of the impinging 
jets. (Vassallo et al., 1992).   
Measurements are taken for several different flow rates at spatial coordinates of (0, 
0), (2, 0), and (0, 2). Furthermore, it was observed that these radial locations showed fair 
symmetry with their respective axis. At all of the flow rates considered, the mean arithmetic 
drop diameter is larger at (0, 2) than at (0,0). There is very little variation for the mean 
arithmetic drop diameter between (0, 0) and (2, 0) at all flow rates except for the lowest 
one – 1.81 ml/s. At all flow rates considered, the largest drop axial velocity occurs at the 
(0, 0) location of the spray. It is also observed that at the (0, 2) location, the drop axial 
velocity is greater than the drop velocity at the (2, 0) location. (Vassallo et al., 1992).  
Contour plots are used to show the measurements of the cross section of the spray 
at a spatial location of 5 cm below the injector. Variation of the diameter in the x-direction 
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is observed to be small compared to the variation in the y-direction. The diameter is 
observed to increase in a symmetric fashion for spatial locations away from y = 0. It is 
believed that this is due to the splattering of the liquid during impingement. The contour 
plot for velocity shows that variation is small in the y-direction, but definitely present in 
the x-direction. This is the opposite trend compared with those for diameter. Due to the 
effects of drop ballistics, one would expect that larger drops should be able to overcome 
the effects of drag better than smaller ones. However, the drops away from the center point 
(0, 0) travel a longer distance to reach the same axial location of 5 cm. Therefore, along 
the y-axis the larger initial momentum is balanced by the total drag on the large drop. Hence, 
velocities are the same along this axis. Along the x-axis the drops away from the centerline 
have a lower velocity, because they have to travel a longer distance. In other words, these 
drops experience a greater total drag. (Vassallo et al., 1992). 
 
2.7.2 Spatial Distribution of Non-Newtonian Sprays. 
Literature provides a spatial variation study of a gelled solution of 0.5-wt.% 
Carbopol with water. Drop diameter measurements are made at 19 cm downstream of the 
impingement point at radial distances up to 4 cm away from the centerline using a laser 
diffraction technique.  Here it is observed that the D32 mean diameter is a maximum at the 
center of the axis perpendicular to the sheet, and then decreases across either side. This is 
observed for various flow rates, but as the flow rate increases the distribution becomes 
more uniform. Water is also tested in this study as a comparison liquid. Water is also 
observed to produce the largest drops at the centerline and smaller drops with increasing 
radial distance. (Fakhri et al., 2010). 
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2.7.3 Summary of Spatially Resolved Spray Characteristics Literature.  
The two studies shown here clearly disagree on the spatial distribution of a spray 
created by two impinging jets. Vassallo and coworkers observed the smallest diameter at 
the centerline for a Newtonian liquid. Whereas, Fakhri and coworkers observed that the 
drops decrease with increasing radial distances away from the centerline for both 
Newtonian and non-Newtonian liquids. It is important to consider the methods used for 
measurement. Vassallo used Phase Doppler Anemometry, which is a point measurement 
technique and is known for good spatial distribution. In contrast, Fakhri took measurements 
using laser diffraction, which is a line measurement technique.  
Laser diffractions methods are susceptible to drop size-velocity correlations. 
Therefore, the small drops at the edges may have been oversampled. Vassallo observed 
that the drops away from the (0, 0) coordinate must travel a longer distance to reach the z 
= 5 plane. Due to this they experience a greater drag force. The line measurement technique 
may have reported inaccurate diameter data due to size velocity correlations. A further 
investigation is needed with Phase Doppler Anemometry to determine if the spatial 
distribution of a non-Newtonian liquid is similar to the Newtonian distribution presented 
by Vassallo. Furthermore, it should be investigated further if a drop size-velocity 




2.8 Analytical Developments. 
This sub-chapter briefly reviews some of the analytical developments for impinging 
jet atomization. Theories for Newtonian impinging jet atomization are first provided, 
followed by recent developments for non-Newtonian liquids.  
 
2.8.1 Newtonian Linear Stability Analyses.        
Squire (1953) investigated the instability of a two-dimensional inviscid liquid sheet. 
The forces of aerodynamics, inertia, and surface tension are considered in this study. The 
sheet is considered to have a constant thickness and to be traveling through a gas at rest. 
This work provides an expression for the maximum wavelength of the sheet. Squire does 
not actually present a predicted drop size in this work. However, it is significant progress 
towards predicting drop size because it presents the important parameters and describes the 
initial stages of the film disintegration.     
Dombrowski and Johns (1963) built upon the work by Squire and investigated the 
instability of a two-dimensional viscous liquid sheet. The viscous force is inter-related with 
the forces of aerodynamics, inertia, and surface tension. Dombrowski and Johns proposed 
that an intermediate state of ligaments is formed between the sheet and the drops. This 
work provides an expression for the maximum wave number of the sheet, ligament 
diameter, and drop diameter.  
 Weihs (1978) applied the instability theory to the breakup of thin, viscous, liquid 
sheets.  This work provides an expression for the growth rate factor in terms of the liquid 
properties, sheet thickness, sheet velocity, and wave number. Differentiating the growth 
rate factor with respect to the wave number, and setting the resulting expression to zero 
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gives an expression for the maximum wave number for the viscous liquid. Ibrahim and 
Przekwas (1991) provided an analytical solution for the inviscid case.  
 Ryan et al. (1995) provided an analytical solution based on the linear instability 
theory of Dombrowski and Johns. A dimensionless expression for the breakup length is 
derived and recast to predict the drop diameter. The expression (shown as Equation 2.8) 
relates the drop diameter to the orifice diameter, liquid and gas properties, sheet velocity, 
and impingement angles:  
. 
(2.8) 
It should be noted that the predicted drop diameters overestimate the experimental 
measurements presented in this same work, which were obtained using a PDA system. 
However, trends from the linear stability theory have some agreement with experimental 
trends.   
 
2.8.2 Non-Newtonian Linear Stability Analyses.        
   Chojnacki and Feikema (1997) used the power-law model with linear stability 
theory to develop a non-Newtonian analytical model. However, a double iteration scheme 
is required to solve the non-linear equation resulting from incorporating the shear rate 
dependency of viscosity. The iterative scheme steps through different radial distances 
along the sheet and calculates different values for sheet thickness. Carbopol gels with water 
as the solvent were compared with the analytical model. The predictions compared poorly 




Yang et al. (2012) also applied the linear stability theory with the power law. A 
numerical technique is once again used to solve the non-linear equation. However, unlike 
the scheme used by Chojnacki and Feikema, a single value of sheet-thickness is used – thus 
removing one of the two iteration loops. A polysaccharide is used to compare the 
experimental values for sheet instability and sheet breakup length with those predicted by 
the model. The model was shown to over predict experimental data in the low Weber 
number regime and under predict in the high Weber number regime.        
Mallory and Sojka (2014) used the Bird-Carreau model with linear stability theory 
to develop an analytical model that captures the non-Newtonian fluid behavior. An iterative 
scheme similar to the one used by Chojnacki and Feikema is applied. Agar and Kappa 
Carrageenan gels were used with CMC liquids to compare experimental and predicted 
values. It was reported that the predicted sheet instability wavelength agreed well with 
experimental results. The predicted sheet breakup lengths were reported to bracket the 
experimental data.  
 
2.8.3 Summary of Analytical Developments Literature. 
Developments by several researchers have led to the inviscid linear stability model 
developed by Ryan et al. However, there is discrepancy even with this model compared to 
experimental drop diameter results obtained by the PDA. The inviscid model of Ibrahim 
and Przekwas overestimates drop sizes to an even greater extent than the Ryan et al. theory. 
Currently, there is a division in opinions regarding the accuracy of the established inviscid 
theories compared to experimental results (Ibrahim, 2009).   
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Non-Newtonian behavior for viscosity has been incorporated into this model by 
utilizing either the Power-Law or the Bird-Carreau model. However, adding these models 
complicate the dispersion relation such that the resulting non-linear expressions must be 
numerically solved. The validity of the Power-Law based model to accurately capture the 
viscosity behavior at high shear rates (104 – 106) is also questionable. This is because the 
Power-Law model does not have a limiting viscosity for the infinite shear rate. Finally, 
since predicted diameters based on inviscid theory do not match well with experimental 
values, it remains unlikely that an extension of this for the non-Newtonian case would 




2.9 Summary and Conclusions. 
This sub-chapter outlines key observations from literature and identifies some of 
the key issues left unresolved. This Thesis aims to contribute to the literature by 
investigating some of the unresolved issues. 
 
2.9.1 Key Observations from Literature.  
? Agar and kappa carrageenan are the most recent of a long line of gelling agents studied. 
These two gelling agents currently appear to offer the best potential for use with gelled 
fuels. 
? The Bird-Carreau model is currently the best available rheological model to incorporate 
shear rate dependence of viscosity for shear-thinning gel propellants that do not show 
a yield stress. However, if the liquid exhibits a yield stress, then a model such as the 
Extended Hershel-Buckley model is more appropriate.  
? The breakup mechanism for impinging jet atomization is: jets to sheets to ligaments to 
drops.  
? Atomization behavior varies considerably depending on the regime of atomization.  
? Atomization regimes have been established for Newtonian impinging jet atomization. 
However, non-Newtonian liquids seem to fall outside these regimes.  
? Two solutions with a common solvent but different gelling agents will likely display 
two different atomization behaviors.  
? An increase in jet velocity will cause the spray to produce smaller mean drop diameters 




? Sprays achieved with higher jet velocities are not as sensitive to geometric parameters.   
? Gelled propellants usually require a high jet velocity to achieve atomization. Therefore, 
sprays with gelled propellants may not be as sensitive to geometry.  
? The internal length-to-orifice diameter ratio is observed to have an effect on non-
Newtonian liquids. However, Newtonian liquids appear to not be affected.   
? The free jet length-to-orifice diameter does not appear to have a strong effect on the 
spray characteristics of Newtonian liquids, especially at higher velocities. No 
parametric study currently exists for non-Newtonian liquids.   
? Studies show that increasing the impingement angle produces sprays that have smaller 
mean drop diameters.  
? The Newtonian spatial distribution measured with Phase Doppler Anemometry shows 
that drops with the smallest mean diameters and highest mean velocity are at the 
centerline of the spray.  
? The spatial distribution study done using a laser diffraction technique shows that the 
largest mean drop diameter is at the center of the spray. However, inaccurate 
measurements due to drop size-velocity correlation may be responsible for this trend. 
? There is disagreement regarding whether the inviscid linear stability theory can 
accurately predict drop diameters.   
? The analytical model by Mallory and Sojka is currently the best available non-
Newtonian linear stability model, because it most sophisticatedly incorporates shear-
thinning behavior through the Bird-Carreau model.  
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? However, because the inviscid linear stability model is currently deficient, it is unlikely 
that any non-Newtonian model based on linear stability theory can accurately predict 
drop diameters of non-Newtonian liquids.   
 
2.9.2 Thesis Goals. 
It is apparent that there is a scarcity in existing literature for non-Newtonian liquids 
compared with the literature for Newtonian liquids. In particular, experimental studies of 
drop size measurements using a high fidelity technique such as Phase Doppler 
Anemometry are missing.    
The current literature points to agar and kappa carrageenan as the gelling agents 
best suited for use with gelled propulsion systems, since it has been shown that they both 
produce drops. This thesis will therefore use these two gelling agents for investigated gels. 
Since CMC is also shown to atomize, several CMC liquids will also be considered as non-
Newtonian liquids, but not gels.  
The agar and kappa carrageenan gels were previously characterized with the Bird-
Carreau model by Mallory (2012). Implementing the Extended Hershel-Buckley model 
could more accurately characterize the non-Newtonian behavior of these gels, if they show 
yield stress behavior. Furthermore, incorporating both rotational and capillary rheometer 
measurements to determine the rheological parameters should extend their accuracy in the 
high shear rate regimes.  Surface tension measurements using the contact angle were also 
previously conducted using a camera and image analysis software. Using an instrument 
such as a contact angle goniometer would reduce the uncertainties associated with the 
contact angle measurements.     
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Spray measurements of the gel propellant atomization could also be taken with 
water to provide a side-by-side comparison. Studies that would contribute greatly to 
literature include variation of jet velocity, jet diameter, impingement angle, free jet length-
to-orifice diameter ratio, and internal length-to-orifice diameter ratio. Spatial PDA 
measurements to observe the variation in drop diameter and drop velocity across the spray 
could also be an important contribution to literature.  
Predicted values of drop diameter will be compared to the experimental values 
measured by the PDA. The inviscid linear stability model developed by Ryan et al. will 




CHAPTER 3.  EXPERIMENTAL FACILITIES 
3.1 Introduction. 
This chapter describes the experimental facilities used to formulate the gelled 
propellant simulants and to obtain experimental data such as viscosity, surface tension, and 
spray characteristics for the investigated gels and liquids. Much of this coverage closely 
follows the PhD Dissertation of J.A. Mallory (2012).  
Magnetic stirrers and low-shear mixers are used to formulate the propellant 
simulants. Both rotational and capillary rheometers are used to obtain data for bulk 
rheology. A contact angle goniometer and a Du Noüy ring tensiometer are used to 
experimentally determine the surface tension of the gel and liquid solutions respectively.  
A previously developed unique impinging jet apparatus is used to create the investigated 
sprays. A Phase Doppler Anemometer (PDA) is used to measure the spray characteristics. 
A Phantom high-speed camera is also used to qualitatively characterize the spray. Each 
component is described in detail in this chapter. The uncertainty associated with the 
experimental work is presented at the end of the chapter. Table 3.1 provides a summary of 








Facility Manufacturer Purpose 
Stirring hot plate Corning Formulate gel solutions 
Mixer Sunbeam Mixmaster Formulate liquid solutions 
Rotational rheometer TA Instruments Low strain rate rheology testing 
Capillary rheometer Bohlin High strain rate rheology testing 
Goniometer Ramé-hart Gel surface tension testing  
Tensiometer CSC Scientific  Liquid surface tension testing 
Novel spray apparatus [Developed at Lab]  Impinging jet atomization 
112 mm Fiber PDA Dantec Dynamics Spray quantitative analysis 
High-speed camera Phantom Spray qualitative analysis 
49 
 
3.2 Gelled Propellant Simulant Formulation. 
This sub-chapter covers the formulation of the propellant simulants considered in 
this study. Agents used to formulate the non-Newtonian propellant simulant solutions are 
agar, kappa carrageenan, and two grades of carboxymethyl cellulose (CMC). Table 3.2 
provides details on manufacturers and product names of the agents investigated. These 
agents are used at specific concentrations with deionized (DI) water as the solvent. The 
concentrations of each gelling agent with its classification is specified in Table 3.3.   
Mass Fraction (M) is used to quantify the amount of agent added into the solvent 
to formulate the solution. Mass fraction is calculated using the expression provided in 
Equation 3.1. It is the ratio of the mass of the agent (magent) to the total mass of the solution 
– the sum of the mass of the solvent (msolvent) and the mass of the agent (magent): 
 . (3.1) 
The mass of the agent is measured using an Ohaus Pioneer PA1400. A graduated 
cylinder is used to measure a volume of water. From a common reference, the density of 
water at room temperature (20° C) is approximated as 1.00 g/ml. The mass of agent is 
calculated to correspond to the chosen mass of water at the appropriate concentration.  
The agar and kappa carrageenan gelled solutions are mixed using glass beakers and 
a magnetic stirrer with the Corning 6795-620D Stirring Hot Plate. The procedure for these 
two solutions requires raising the temperature of the water to the specified value on the 
pyroceram top, creating a vortex using the stirrer, and adding the gelling agent in small 
quantities at a rather slow rate of addition. Aluminum foil is used to seal the beaker in order 





Table 3.3. The three CMC liquid solutions were mixed using a steel bowl and the Sunbeam 
2591 Mixmaster. The mixing procedure is similar: a vortex must be created in the mixing 
bowl prior to adding the agent, and the agent must be added slowly in small quantitates. 
However, the CMC solutions are mixed at room temperature.   
Special care is taken for the mixing process to ensure homogeneous mixing. Adding 
the agent slowly into a well-developed vortex is important because it enables the agent to 
easily separate and dissolve in water. This ensures homogeneous mixing and, in the case 
of the gelled solutions, preserves the gel structure. It should be noted that the agent must 
be added at a quick enough rate to completely put the contents into the solvent before any 
apparent viscosity increase is witnessed. 
The time duration for the mixing varies depending on the type of agent, 
concentration, and mixing facility used. The solution should be left to stir until it is 
determined to be homogenous by visual inspection. Figure 3.1 provides images of the 
solutions considered. The agar and kappa carrageenan solutions can be qualitatively 
described as homogenous, soluble, and solid-like after cooling. The three CMC solutions 
can be described as homogenous, soluble, and highly viscous liquid.  Solutions are stored 
in a sealed container to prevent evaporation and are typically tested within forty-eight hours 








Table 3.2. Non-Newtonian agents considered. 
Agent Manufacturer Product Name 
Agar Eden Foods Agar Agar Flakes 
Kappa carrageenan CP Kelco GENUGEL Carrageenan type CI-102 
CMC-7HF Ashland  Cellulose Gum Carboxymethylcellulose 7HF 




Table 3.3. Concentrations and classifications of investigated solutions. 
Agent Concentration Classification Temperature 
Agar 
1.0 wt.-% agar, 
99.0 wt.-% DI water 
Gelled Solution 85 °C 
Kappa 
Carrageenan 
1.0 wt.-% kappa carrageenan, 
99.0 wt.-% DI water 
Gelled Solution 55 °C 
CMC-7HF 
0.5 wt.-% CMC-7HF, 
99.5 wt.-% DI water 
Liquid Solution 20 °C 
CMC-7MF 
0.8 wt.-% CMC-7MF, 
99.2 wt.-% DI water 
Liquid Solution 20 °C 
CMC-7MF 
1.4 wt.-% CMC-7MF, 
98.6 wt.-% DI water 





Figure 3.1. Images of solutions investigated for present study. (a) 1.0 wt.-% agar,           
(b) 1.0 wt.-% kappa carrageenan, (c) 0.5 wt.-% CMC-7HF, (d) 0.8 wt.-% CMC-





3.3 Bulk Rheology Measurement Apparatuses. 
The AR-G2 rotational rheometer is used to determine the bulk rheological 
properties at low strain rates. The cone-and-plate configuration (60 mm, 2.025° angle) is 
used for all measurements in controlled-rate mode.  
Controlled-torque strain rates are enacted on the samples using magnetic thrust 
bearing technology, and the resulting stresses are measured. The samples remained at a 
constant temperature of 298 ± 0.1 K during testing by utilizing the rheometer’s control 
system. A 5% tolerance is set for all measurements. The criterion for a data point to be 
considered valid is three consecutive measurements within the tolerance. A Sweep Up test 
is conducted with increasing shear rates. Sweeping the shear rates from lowest to highest 
value should preserve the solution structure during testing. In order to determine if any 
thixotropic behavior is present, a Sweep Down test is also conducted. Figure 3.2 presents 
an image of the rotational rheometer.  
A RH2000 Bohlin high-shear capillary rheometer is used to determine the viscosity 
of the investigated solutions at high shear rates. A 0.66 mm capillary die is used for all 
measurements. The pressure drop is recorded once the flow becomes fully developed and 
is used to determine a value for viscosity. The Weissenberg-Rabinowitsh correction factor 
as outlined in Morrison (2001) is used for all measurements. The temperature is kept 





Figure 3.2. Image of rotational rheometer used for low strain rate measurements. 
 
                                                
Figure 3.3. Image of capillary rheometer used for high strain rate measurements. 
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3.4 Interfacial Rheology Measurement Apparatuses. 
The static surface tension of the liquid solutions considered is measured using the 
Du Noüy ring tensiometer. One requirement for this method is that the solution tested must 
be a liquid. Therefore it cannot be used for the two gelled solutions considered in this work. 
No universally accepted method currently exists to calculate the static surface tension of a 
gel, as discussed in Chapter 2. It should be noted that special care must be taken during 
preparation and storage of the solutions to avoid introducing surfactants.  
Since the surface tension of the gels cannot be measured by traditional liquid 
surface tension methods, a Ramé-hart goniometer is used to perform contact angle 
measurements. Figure 3.4 provides an image of the facility used. A drop of motor oil is 
carefully allowed to fall onto the surface of the gel. Images of the motor oil drop are taken 
using the camera that is part of the goniometer. The goniometer software then analyzes the 
images and provides a measurement for the contact angle. An average of five independent 
drops with ten images per drop is sufficient to provide a statistically significant value for 
the contact angle. As discussed in Chapter 2, Young’s equation is then used to relate the 
contact angle, static surface tension of the motor oil, and interfacial surface tension between 
the motor oil and the gel to the surface tension of the gel. Figure 3.4 presents an image of 
the goniometer. 
A CSC Scientific 70535 Du Noüy ring tensiometer is used to obtain surface tension 
measurement of the liquid solutions. An inert metal ring is placed just below the surface of 
the liquid. The ring is then slowly lifted from the surface. The surface tension of the liquid 
is determined by relating the measured force required to raise the ring to the surface tension. 
The ring and dish are rinsed with distilled water and cleaned using isopropyl alcohol. Any 
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impurities left on the ring are burned away using a propane torch. Ten independent 
measurements are taken. A correction factor is applied to account for the ring geometry 
and the liquid properties based on the work of Zuidema and Waters (1941). Figure 3.5 






Figure 3.4. Image of goniometer used for gel investigation. 
 
 
Figure 3.5. Image of tensiometer used for liquid investigation. 
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3.5 Impinging Jet Apparatus. 
This sub-chapter covers the unique experimental facility used to create the 
impinging jet atomization. The coverage is considerably detailed in Mallory and Sojka 
(2010). Highlights of this facility include an operating pressure range of up to 6900 kPa, 
up to eight minutes of run time at practical injector flow rates, and capability to easily 
implement optical diagnostics instrumentation. Water and water-based solutions are used 
as working fluids.  
 
3.5.1 Liquid Delivery System Details. 
Figure 3.6 provides a schematic of the facility used for atomization studies. The 
apparatus is mounted on a frame created with Bosch-Rexroth 45 mm x 45 mm aluminum 
struts of various lengths. Schedule 80 stainless steel pipe was used to create the two 
cylinders that house the pistons. 0.254 m, 600# slip on flanges were welded to each end of 
the cylinders, and a 0.254 m, 600# blind flange is bolted to each slip on flange. An 
aluminum plate of 0.229 m diameter and 0.127 m thickness is used inside each cylinder as 
a piston. This gives a total stroke of 0.610 m and a liquid capacity of 19 L. A fluorocarbon 
o-ring is used with the blind flange to ensure sealing. Zatkoff NBR o- rings (model number 
2-488-V1226-75) were used to seal the piston-cylinder interface. The air and liquid side of 
the piston-cylinder system have the same cross-sectional area, but the liquid side reduces 
to 6.35 mm diameter tube towards the exit. In addition to the piston/cylinder system, other 




The primary component of the vacuum system is the Vacoon fixed venturi vacuum 
pump (model number JS-200-ST6A). The high-pressure air supply system delivers air to 
the venture pump to generate the vacuum. The vacuum is created at the top portion of the 
cylinders, causing the pistons to rise due to the pressure difference. This results in fluid 
being pulled into the system from the fill line.  This system does not require a pump to be 
used, thereby minimizing the alteration of the fluid properties prior to testing.   
The fluid is driven towards the injectors by the translating piston inside the cylinder. 
High-pressure air is delivered to the system, to enable the fluid to flow at controllable rates. 
Flow from the cylinders is controlled using ball valves.  The fluid then flows through tubes 
before reaching the injector. An air exhaust line is also present with an electric solenoid 
actuator and a ball valve. This allows the system to be depressurized following testing. 













Figure 3.6. Atomization facility schematic. 
 
 
1. Injectors.  
2. PDA Transmitter. 
3. PDA Receiver. 
4. Rotational and translational stages.  
5. x-direction traverse. 
6. y-direction traverse . 
7. z-direction traverse. 
8. Jet line. 
9. Ball valve. 
10. Fill line. 
11. Cylinder with piston. 
12. Jet ejector (vacuum). 
13. Pressure gauge. 




Figure 3.7. Image of atomization facility used for present study. 
  








3.5.2 Injector Geometry Details. 
The injector system allows testing under a variety of geometric parameters. The key 
aspect of this facility is the ease by which the parameters of impingement angle (2θ), 
internal length-to-diameter ratio (L/d), free jet length-to-diameter ratio (x/d), and orifice 
diameter (d0) can be varied. Stainless steel 19.1 mm hex stock with a length of 50.8 mm 
was used to create each of the injector modules. A 6.35 mm hole was drilled through the 
hex stock center to connect with 6.35 mm diameter stainless steel tubing. The nozzle 
hardware consists of a 6.35-mm Parker fitting (model number SS-400-6-4-AN) and a 6.35-
mm Parker cap (model number SS-4-VCR- CP). The capacity to vary impingement angle 
is due to the Newport rotational stage (model number M-481-A). This allows precision 
rotational control. The capacity to vary free jet length-to-diameter ratio is due to the 
Newport translational stages (model number M-460A-XY). This allows travel in two 
directions and also allows the orifice to be offset. A ruler is used to measure free jet length 
since a scale is not included with the stage.  
The injector pair is used with traverse stages (Velmex BiSlide) that enable movement 
in all three spatial dimensions for alignment. The traverse stages are controlled using the 
Velmex COSMOS software. Waycovers fabricated by Custom Quality Manufacturing 
(CQM) are placed on the traverses in order to protect them from the atomizing liquid. Jet 
velocities are measured at a specified operating pressure for flow rate test durations of 30 
seconds. The test is repeated a minimum of three times for each liquid at every test 
condition in order to minimize random fluctuations. The stopwatch app in the iPhone is 
used to measure time and liquid is collected in a container.  
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3.6 Optical Diagnostics. 
This sub-chapter covers the optical diagnostics used to analyze the impinging jet 
spray characteristics. A Phase Doppler Anemometer is adapted to the experimental facility 
to quantitatively study drop size and velocity distributions. A high-speed camera is used to 
qualitatively study the spray created by the impinging jets.   
 
3.6.1 Phase Doppler Anemometer.  
Phase Doppler Anemometry (PDA) measures the drop diameter by finding a phase 
difference between two signals. Figure 3.8 provides a schematic of the PDA optical 
diagnostics system. The drop velocity can also be measured using Laser Doppler 
Anemometry (LDA), which is based on the Doppler shift. A Dantec Dynamics Fiber-Flow 
PDA is used to obtain measurements for drop size and drop velocity. BSA Flow Software 
v5.11 is used with the instrument. The PDA Transmitter emits a pair of Helium-Neon and 
Nd:YAG laser beams and is used with a 400 mm focal length lens. The PDA Receiver with 
a 310 mm focal length lens is oriented 30 degrees from the laser beams produced by the 
PDA Transmitter. Figure 3.9 provides an image of the set-up for the optical diagnostics. In 
order to ensure statistical significance, 50,000 sample sizes are taken for every test 
presented in this work. 
The refractive index of the liquid is a setting in the BSA software and therefore the 
value must be known prior to testing. The refractive index of each of the investigated 
liquids and gels tested is experimentally determined using a Palm Abbe Digital 




The PDA is configured in non-coincidence mode with specified values for the 
Processor, Group, PDA and LDA, and Optical PDA. Values are selected to yield high 
validation and high data rates. A trial and error method is used to determine the optimal 
parameters based on quality of phase plot, quality of bursts, validation, spherical validation, 
and data rate. This method is illustrated in Appendix B along with the PDA settings used. 
The data rate for water measurements at the centerline is typically between 5,000 – 10,000 
measurements per second. The data rate is typically lower of the non-Newtonian solutions. 












(a) Image of PDA optical diagnostics set-up. 
 
(b) Pair of Helium-Neon and Nd:YAG laser beams from PDA Transmitter 
intersecting at probe volume.  
 





3.6.1.1 PDA Mask Selection. 
 A selection of three Masks (aperture plates) is available with the Dantec Dynamics 
Fiber PDA. These are termed: Mask A, Mask B, and Mask C. With the 400 mm PDA 
Transmitter focal length lens and the 310 mm PDA Receiver focal length, the maximum 
drop diameter that can be measurement is approximately 71.6 μm for Mask A, 116.2 μm 
for Mask B, and 276.8 μm for Mask C. The dynamic ratio of the Masks is approximately 
1:50.  An investigation using water is carried out to determine the best aperture plate for 
the spray. The parameters for this investigation are Uj = 36.8 m/s, d0 = 0.686 mm, 2θ = 100 
degrees, x/d = 60, and L/d = 20. Table 3.6 shows the mean drop diameters of this 
investigation. Figure 3.10 shows the number probability density function of diameter for 
each of the Masks. 50,000 data points are collected for each test. A bin size of 100 is used 
for this set of tests in order to obtain detailed resolution. Measurements are obtained at the 
centerline of the spray, 5 cm below the point of impingement.   
It can be seen from Table 3.4 that the mean diameters vary considerably for the 
different aperture plates. This indicates that selecting the most appropriate aperture plate is 
an important task. Figure 3.10 shows that the diameter distributions for Mask A and Mask 
B are similar. However, the diameter distribution for Mask C has a smaller peak that is also 
shifted to the right. In order to investigate this further, the diameter data for the three Masks 
are truncated to the smallest diameter measured by Mask C (the mask with the largest 
relative minimum diameter compared with the other masks) and the largest diameter of 
Mask A (the mask with the smallest relative maximum diameter compared with the other 
masks). Figure 3.11 shows the probability density function of this comparison. The 
diameter range presented in this plot is 5.5 to 71.6 μm. 
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From Figure 3.11 it can be seen that the left side of the pdf curve is excluded for 
Mask A and Mask B and the right side of the curve is excluded for Mask C. Mask C is not 
an appropriate choice for aperture plate, because it does not pick up the smallest diameters 
that are picked up by Mask A and Mask B.  
 In order to investigate this further, the truncated diameter data from Mask A and 
Mask B is considered separately. The drop diameter range considered for this test is 1.4 to 
71.6 μm and the pdf is presented in Figure 3.12. The truncated diameter data from Mask B 
and Mask C is also considered separately. The pdf for this comparison is shown in Figure 
3.13. The drop diameter range considered for this plot is 2.3 to 116.2 μm.  
Based on these comparisons, it is apparent that Mask B is the best choice for 
aperture plate selection. Mask B picks up most of the smallest drops that are picked up by 
Mask A. In addition, Mask B picks up some of the larger diameters that are not picked up 
by Mask A. Although Mask B does not pick up the largest diameters that are picked up by 
Mask C, this is an acceptable tradeoff, since the peaks for the pdf are much closer to the 
smaller diameters. Therefore, this work uses Mask B as the aperture plate for all tests. 
 
Table 3.4. Mean drop diameters for varying Masks. 
Aperture Plate D10 [μm] D32 [μm] MMD [μm] 
Mask A 18.1 36.6 45.5 
Mask B 21.7 54.4 70.3 









Figure 3.11. Probability density function versus truncated drop diameters  






Figure 3.12. Probability density function versus truncated drop diameters  




Figure 3.13. Probability density function versus truncated drop diameters  




3.6.1.2 Systematic Error Due to Air-Curtain Flow Rate.   
An air curtain is placed between the PDA Receiver and spray to prevent drops from 
the non-Newtonian sprays from landing on the lens. This phenomenon is generally not 
observed for the water spray. It is believed that some of the larger drops from the non-
Newtonian sprays provide it with greater radial momentum. As a result, these non-
Newtonian drops travel a greater distance through the environment.  
Water measurements are taken with increasing air curtain pressures from 0 to 552 
kPa [0 to 80 psi] to investigate the effect on the drop diameter and axial velocity at the 
PDA probe volume. The parameters for this investigation are Uj = 36.8 m/s, d0 = 0.686 
mm, 2θ = 100 degrees, x/d = 60, L/d = 20. The PDA is aligned at the centerline of the spray 
at 5 cm below the point of impingement and 50,000 samples are taken.   
Tables 3.5 – 3.6 show the results of this investigation. The coefficient of variation 
is less than 0.002 for all mean quantities. Therefore showing that the air curtain does not 
have an effect on the measurements at the PDA probe volume for air curtain pressures of 




Table 3.5. Mean drop diameters for varying air curtain pressures. 
Curtain Pressure [kPa] D10 [μm] D32 [μm] MMD [μm] 
0 21.7 53.3 69.1 
140 21.0 53.9 70.3 
280 21.0 53.5 70.3 
410 20.8 53.8 70.3 
550 20.8 52.8 69.1 
Average 21.1 53.5 69.8 
Standard Deviation 0.4 0.5 0.6 
Coefficient of Variation 0.018 0.009 0.009 
 
Table 3.6. Velocity mean and rms for varying air curtain pressures. 
Curtain Pressure [kPa] Uz-mean [m/s] Uz-rms [m/s] 
0 16.3 5.2 
140 16.0 5.2 
280 16.1 5.2 
410 16.3 5.2 
550 16.3 5.1 
Average 16.2 5.2 
Standard Deviation 0.2 0.0 




3.6.2 High-Speed Camera 
 The impinging jet spray was qualitatively studied using a high-speed camera with 
backlighting. A construction lamp is used to illuminate the spray for the shadowgraph 
images. A Vision Research Phantom V7.1 high-speed video camera with a Nikon lens was 
used to capture the images. The Nikon lens has a focal length of 105 mm. The Phantom 
Camera Control Software (version 9.1.663.0-C PhCon: 663) was used to take images of 
800 x 600 pixels at 4700 fps. Figure 3.14 provides a block diagram for the shadowgraph 








3.7 Experimental Uncertainty. 
This sub-chapter covers the experimental uncertainties for the investigations 
presented in this work. The uncertainties in measurements discussed in the following 
sections include the formulation and fluid properties of the solutions, the injector geometry 
and flow system used to enable atomization, the dimensionless numbers used to describe 
the operating conditions, and the optical diagnostics used to measure spray characteristics. 
The Kline-McClintock approach, explained in Fox and McDonald (2003), is typically used 
to calculate the experimental uncertainties.    
 
3.7.1 Uncertainties in Formulation. 











The mass of the agent and its uncertainty is symbolized by magent and δmagent respectively. 
The total mass of the solution and its uncertainty is symbolized by mtotal and δmtotal 
respectively. The magent and mtotal vary depending on the particular solution used. Typically 
a volume of 3000 ml of water, which corresponds to a mass of 3000 g, is mixed as the 
solvent to create the solutions. The graduated cylinder used to measure the liquid has an 
uncertainty of ± 30 ml. Therefore the δmtotal is considered to be 30 g. The balance used to 
measure the gelling agent has an uncertainty of ± 0.01 g. Table 3.7 presents the gelling 




Table 3.7. Gelling concentration percent uncertainty. 
Solution magent [g] mtotal [g] uc 
1 wt.-% agar 30.30 3030.30 1.0% 
1 wt.-% kappa 
carrageenan 
30.30 3030.30 1.0% 
0.5 wt.-% CMC-7HF 15.08 3015.08 1.0% 
0.8 wt.-% CMC-7MF 24.19 3024.19 1.0% 
1.4 wt.-% CMC-7MF 42.60 6042.60 1.0% 
 
 
3.7.2 Uncertainties in Fluid Properties  
 Mallory (2012) computed the uncertainty associated with the fluid properties of 
density. The uncertainty of density was computed to be 5 kg/m3. Each of the liquids 
presented in this work have a measured density of about 1000 kg/m3. This leads to a density 
percent uncertainty (uρL) of 0.5%.  
A 5% tolerance interval was specified for the rheometer measurements. Three 
consecutive data points were also needed to be measured within this tolerance for the 
measurement to be deemed valid. Therefore, the percent uncertainty for the non-Newtonian 
model parameters is 5%. The surface tension uncertainty (uγL) for the Du Noüy surface 
tension methods will be taken as one standard deviation.  
The percent uncertainty of the contact angle surface tension measurement (uγCA) 
for the Agar solution was computed to be 1.0%. The percent uncertainty of the contact 







 In this expression, γSL and δγSL represent the interfacial surface tension of oil and 
water and its uncertainty value. These values are 0.0244 N/m and 0.0001 N/m respectively. 
The oil liquid surface tension is symbolized by γL and its uncertainty is symbolized by δγSL. 
At 15° C the oil surface tension value is 0.0310 N/m and its measurement uncertainty is 
0.0001 N/m (ECESTD, 2012). Taking a typical agar measurement, the contact angle is 
44.35 degrees and the goniometer calculated uncertainty is 0.17 degrees. 
 
3.7.3 Uncertainties in Injector Geometry. 
 The tolerance of the orifice diameter is ± 0.025 mm (0.001”). For the 0.686 mm 
(0.027”) diameter orifice the uncertainty is 3.6%. This orifice diameter percent uncertainty 







  The impingement angle (2θ) uncertainty of ± 1 degree is determined by the least 
count of the rotational stage used. For an impingement angle of 100 degrees, each of the 
stages (labeled A and B) must be set at 50 degrees. The two injectors are labeled “A” and 
“B”. The percent uncertainty of the impingement angle (u2θ) is 2.8% and is calculated using 











The free jet length-to-orifice diameter ratio was measured using a ruler. The ruler’s 
smallest division scale of 1 mm is used as the free jet length (x) uncertainty. For a free jet 
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length of 41.2 mm (corresponding to x/d = 60 with d0 = 0.686 mm), the percent uncertainty 







The tolerance of the internal length is ± 0.025 mm (0.001”). For the 0.686 mm 
(0.027”) diameter orifice the uncertainty is 3.7%. For an internal length of 13.72 mm 
(corresponding to L/d = 20 with d0 = 0.686 mm), the percent uncertainty is 0.2%. The 








3.7.4 Uncertainties in Flow Quantities. 
The uncertainty of the pressure gauge used to set the operating pressure is ± 7 kPa 
(1 psi) and is based on the instrument’s least count. For an operating pressure of 1380 kPa 







The flow area uncertainty is calculated using the orifice diameter tolerance of ± 
0.025 mm. For a 0.686 mm orifice diameter pair (labeled A and B) the percent uncertainty 

































The total mass of the liquid collected and its uncertainty is symbolized by mm and δmm 
respectively. The total test time and the time uncertainty is symbolized by t and δt 
respectively. The total mass collected varies depending on the operating pressure used. The 
balance used to measure the liquid mass has an uncertainty of ± 0.01 g. The time for each 
flow rate test is 30 s, and the time uncertainty for a stopwatch is 0.5 s.  Table 3.11 presents 
the mass flow rate uncertainties (um) of water for several operating pressures used in this 
work. 
 
The jet velocity uncertainty (uUj) is calculated using the expression: 
?? ? ?????? ? ??? ? ? ???. (3.11) 
As outlined earlier in this section, the uncertainty of liquid density (???) is 0.5%, the 
uncertainty of the mass flow rate (??? ? is 1.7%, and the uncertainty of the flow area uA is 
0.2%. Using the expression above, the percent uncertainty of jet velocity is 1.8%. 
 
3.7.5 Uncertainties in Dimensionless Groups. 
 The percent uncertainty of the generalized Reynolds number based on the non-
Newtonian models is calculated using the expression: 
???????? ? ?????? ? ???
? ? ???? ? ????? ??. (3.12) 
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As shown earlier in this section, the uncertainty of liquid density (??? ) is 0.5%, the 
uncertainty of the jet velocity (uUj) is 1.8%, and the uncertainty of the orifice diameter (???) 
is 3.6%. The uncertainty of the shear rate dependency of viscosity (????? ?) is taken to be 
5%, due to the 5% uncertainty of the rheometer measurements. Using the expression above, 
the uncertainty of the Reynolds number is 6.4%.   
The percent uncertainty of the Weber number (??? ) is calculated using the 
expression: 
??? ? ?????? ? ????
? ? ???? ? ????. (3.13) 
 
As shown earlier in this section, the uncertainty of liquid density (??? ) is 0.5%, the 
uncertainty of the jet velocity (uUj) is 1.8%, the uncertainty of the orifice diameter (???) is 
3.6%, and the typical surface tension (uη(γ)) uncertainty is approximately 0.5%. Using the 
expression above, the uncertainty of the Weber number is 4.5%.    
 
3.7.6 Uncertainties in PDA Measurements. 
The typical uncertainties for PDA measurements are believed to be about 5% for 
drop diameter and 1% for drop velocity. However, due to the inherently variable nature of 
the spray considered, it is possible that the actual uncertainties may be greater than those 
of typical PDA measurements.  
 The variation in spray measurements is investigated by taking 5 repeated 
measurements of water using the baseline operating parameters of Uj = 36.8 m/s, d0 = 0.686 
mm, 2θ = 100 degrees, x/d = 60, and L/d = 20. The spatial location for the measurement is 
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at the centerline of the spray, 5 cm below the point of impingement. 50,000 samples are 
taken for each test. The mean diameter measurements are shown in Table 3.8 and the 
velocity measurements are shown in Table 3.9. The coefficients of variation for the 






Table 3.8. Repeated measurements of mean drop diameters. 
Test # D10 [μm] D32 [μm] MMD [μm] 
1 21.7 53.3 69.1 
2 20.1 53.1 69.1 
3 21.7 54.4 70.3 
4 20.3 52.8 69.1 
5 18.9 52.6 70.3 
Average 20.5 53.3 69.6 
Standard Deviation 1.2 0.7 0.6 
 
 
Table 3.9. Repeated measurements of mean and rms drop axial velocity. 
Test # Uz-mean [m/s] Uz-rms [m/s] 
1 16.3 5.2 
2 15.8 4.8 
3 17.0 5.2 
4 15.9 4.7 
5 16.4 4.4 
Average 16.3 4.9 





Table 3.10. Coefficients of variation for repeated measurements. 








3.7.7 Uncertainties in Shadowgraphs. 
 Since the shadowgraph images are only used for qualitative purposes, an 




This chapter described the experimental facilities used to formulate, obtain fluid 
property data, and measure spray characteristics for the investigated gel and liquid 
propellant simulants. Expressions and values are presented for the uncertainty in 
experimental measurements. Chapter 4 will provide results and discussions of the 




CHAPTER 4.  RESULTS 
4.1 Introduction. 
The experimental results are divided based on the following investigation methods: 
rheology, dimensionless numbers, jet velocity, geometry, and spatial position. Phase 
Doppler Anemometry is used to experientially measure the drop diameter and drop velocity 
of the impinging jet spray. Measurements are made of several non-Newtonian fluids, along 
with water as a reference fluid. Within each grouping, results based on parametric 
investigations are presented. Experimental results are also compared to an analytical model 
developed in literature. 
The arithmetic mean diameter (D10), Sauter mean diameter (D32), and mass median 
diameter (MMD) are used to characterize the size of the drops in the spray. The mean axial 
velocity (Uz-mean) and root-mean square (Uz-rms) of axial velocity are used to 
characterize the velocity of the drops in the spray. Number probability density function 
(pdf) of diameter and velocity are used to give a sense of the polydisperse nature of 







4.2 Rheological Investigation. 
4.2.1 Introduction. 
 Since the physical properties of the fluids are important factors in impinging jet 
atomization, bulk rheology and interfacial rheology data are presented in this sub-chapter. 
Rotational and capillary rheometers are used to measure viscosity at different strain rates. 
A contact angle goniometer is used to measure the surface tension of the gels. A Du Noüy 
ring tensiometer is used to measure the surface tension of the liquids. Details of the 
instruments used to obtain measurements are provided in Chapter 3. 
 
4.2.2 Bulk Rheology Characteristics. 
As discussed in Chapter 2, the viscosity of non-Newtonian liquids varies with the 
rate of strain. As discussed in Chapter 1, the strain rates relevant for propulsion spans from 
10-2 to 106. Non-Newtonian behavior is observed for all investigated solutions. Figure 4.1 
and 4.2 presents the shear stress versus strain rate behavior of the gels and liquids 
investigated in order to determine if a yield stress is present. A yield stress is observed for 
the gels, with 1.0 wt.-% agar having a higher yield stress than 1.0 wt.-% kappa carrageenan. 
The two gel solutions are also observed to show similar non-Newtonian behavior. A yield 
stress is not observed for the CMC solutions investigated. The CMC-7HF solution is 
observed to show stronger non-Newtonian behavior compared to the two CMC-7MF 
solutions. This is believed to be due to its higher molecular weight. Due to the higher 
polymer concentration present in the solution, 1.4 wt.-% CMC-7MF is observed to show 
more non-Newtonian behavior compared to 0.8 wt.-% CMC-7MF.  
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In order to graphically determine the yield point of the two gels, the shear 
deformation is plotted against the shear stress. As presented in Figure 4.4 for 1.0 wt.-% 
agar and Figure 4.5 for 1.0 wt.-% kappa carrageenan, a point of inflection is seen for both 
gels. This is the yield point, which separates the elastic and viscous nature of the fluid. The 
yield point occurs at strain rates between 10-2 – 10-1 1/s. for both gels. Since the atomization 
studies conducted for this work are at strain rates between 105 – 106 1/s, it is assumed that 
the elastic effects on atomization are minimal. Since no yield point is observed for the 
CMC solutions, it is concluded that these solutions behave as inelastic liquids. 
For the two gels considered, the Herschel-Buckley Extended model is used to 
characterize the dependence of viscosity on strain rate. The Herschel-Buckley Extended 
model is chosen over the Bird-Carreau model because the Newtonian plateau is not 
observed at low strain rates. For both gels, shear-thinning behavior is still experimentally 
observed at strain rates as high as 105 1/s. Since a Newtonian plateau at high rates of strain 
is not observed, it is assumed that the viscosity is that of the base fluid (water) at an infinite 
strain rate. This assumption is commonly used in literature in work such as Madlener et al. 
(2009). Table 4.1 provides the Herschel-Buckley Extended rheological parameters for the 
two gels. 
The Bird-Carreau rheology model is used to characterize the strain rate dependency 
of viscosity for the three non-Newtonian viscous liquids. The effective viscosity versus 
strain rate for 0.5 wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, and 1.4 wt.-% CMC-7MF are 
presented in Figures 4.7 - 4.9. As illustrated by the figures, the Bird-Carreau model 
satisfactorily characterizes the non-Newtonian behavior of these three liquids. For all three 
of these liquids, a Newtonian plateau is observed at very low strain rates. As the strain rate 
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increases, shear-thinning behavior is observed. Since the Newtonian plateau at high strain 
rates are not experimentally observed for these fluids either, the viscosity of water is 
assumed to be the liquid viscosity at an infinite strain rate. The viscosity of water is taken 
to be 0.001 Pa-s. Table 4.2 provides the Bird-Carreau rheological parameters for all liquids 
Both sweep up and sweep down tests are conducted using the rotational rheometer 
in order to understand the thixotropic nature of the non-Newtonian liquids. As presented 
in Figures 4.5 and 4.6, the agar gel is observed to have a greater thixotropic behavior 
compared to the kappa carrageenan gel. In contrast, all three CMC solutions are not 




Table 4.1. Herschel-Buckley Extended rheological parameters for gels. 
Gels Tested τ0 [Pa] n [-] K [Pa-sn] η∞ [Pa] 
1.0 wt.-% Agar 31.4±1.6 0.387±0.019 10.3±0.5 0.001 
1.0 wt.-% Kappa 
Carrageenan 






Table 4.2. Bird-Carreau rheological parameters for liquids. 
Gels Tested η0 [Pa] η∞ [Pa] n [-] λ [s] 
CMC-7HF 0.5 0.576±0.029 0.001 0.169±0.008 0.334±0.017  
CMC-7MF 0.8 0.0596±0.0030 0.001 0.427±0.021 0.173±0.009  
CMC-7MF 1.4 0.309±0.015 0.001 0.397±0.020 0.324±0.016  




































































4.2.3 Interfacial Rheology Characteristics. 
As discussed in Chapter 2, no universally accepted method to measure the surface 
tension of a gel has been established. However, one method that can be used is Young’s 
equation along with the experimentally measured contact angle. The gel surface tension 
values from this approach are presented in Table 4.3. The uncertainty is calculated using 
the Kline-McClintock approach.   
For the agar solution, the drop of motor oil (placed using the goniometer apparatus) 
reaches steady state almost immediately upon making contact with the gel.  Images are 
captured using the goniometer camera and the contact angle is measured using the software. 
Figure 4.12 presents a selection of images of the motor oil drop on the agar gel. An average 
contact angle is then obtained using fifty different measurements. The average contact 
angle is 44.8 degrees with a standard deviation of 0.2 degrees. 
An interesting phenomenon in observed when taking the contact angle 
measurement of the kappa carrageenan gel. The drop of motor oil rapidly disperses on the 
surface of the gel. 10 pictures are taken for this gel and a mean contact angle is obtained. 
The average contact angle is 42.4 degrees with a standard deviation of 0.4 degrees. The 
corresponding surface tension value is determined to be the dynamic surface tension. 
Figure 4.13 presents a selection of images for the motor oil drop as soon as it reaches the 
gel.  
A transient test is conducted to observe the behavior of the drop over time. For this 
test, a total of 1000 measurements are obtained every 0.1 seconds from the initial point of 
contact to a total test time of 100 seconds. Figure 4.14 presents the time varying nature of 
the contact angle and Figure 4.15 presents this reflection on the surface tension. It is 
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observed that the drop reaches steady state on the gel at approximately 40 seconds. The 
surface tension using the contact angle at steady state is termed the static surface tension. 
As discussed in Chapter 2, the static surface tension is relevant for impinging jet studies. 
Therefore, the steady state surface tension value is used to characterize the kappa 
carrageenan gel for the Weber number calculation. 
As discussed in Chapter 2, the Du Noüy ring tensiometer method has been 
extensively used in literature to measure the surface tension of liquids. This method is used 
to experimentally determine the surface tension of the 0.5 wt.-% CMC-7HF, 0.8 wt.-% 
CMC-7MF, and 1.4 wt.-% CMC-7MF non-Newtonian solutions. It is discovered that all 
three liquids have surface tension values very close to that of water – as shown in Table 
4.4. One standard deviation is reported as the uncertainty for the measurements. For 
analytical comparisons presented later in this chapter, the surface tension of all three liquids 













Table 4.3. Experimentally measured values of surface tension for gels  
using goniometer apparatus and Young’s equation. 
 
Gels Tested Surface Tension [N/m] 
1.0 wt.-% Agar 0.0464 ± 0.0002 
1.0 wt.-% Kappa Carrageenan 0.0514 ± 0.0002 (Static) 






Table 4.4. Experimentally measured values of surface tension for liquids  
using Du Noüy ring tensiometer. 
 
Liquids Tested Surface Tension [N/m] 
0.5 wt.-% CMC-7HF 0.0727 ± 0.0002 
0.8 wt.-% CMC-7MF 0.0724 ± 0.0005 
1.4 wt.-% CMC-7MF 0.0728 ± 0.0001 














Figure 4.11. Images of motor oil drop on 1.0 wt.-% kappa carrageenan 






















4.3 Influence of Reynolds and Weber Numbers on Drop Diameters. 
4.3.1 Introduction. 
This sub-chapter presents drop size data from the viewpoint of dimensionless 
numbers. Drop diameters are presented in terms of the Herschel-Buckley Extended 
generalized Reynolds number and the Bird-Carreau generalized Reynolds number. The 
influence of the Weber number is also investigated. Fluids used for this study are: 1.0 wt.-% 
agar, 1.0 wt.-% kappa carrageenan, 0.5 wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, 1.4 wt.-% 
CMC-7MF, and deionized (DI) water. The operating pressure is varied in order to vary the 
jet velocity, which directly influences the dimensionless numbers. The geometric 
parameters for this test set are: d0 = 0.686 mm, L/d = 20, x/d = 60, 2θ = 100 degrees. PDA 
measurements are obtained at 5 cm below the point of impingement at the centerline of the 
spray.   
 
4.3.2 Gel Solution Spray Characteristics.  
Understanding the shear-thinning behavior of the non-Newtonian gels enables the 
calculation of the jet Reynolds number. Chapter 2 provides the generalized Reynolds 
number expression for the Herschel-Buckley Extended model. Table 4.5 presents the 
dimensionless parameters of the 1.0 wt.-% agar and 1.0 wt.-% kappa carrageenan gels used 
in this test set. The generalized Reynolds number and Weber numbers are calculated using 
the rheological investigations presented in the previous sub-chapter. Figure 4.16 and 4.17 
presents the spray patterns for the two gels. These images were obtained in a private 




The D10 drop diameters are observed to initially decrease sharply with increasing 
Reynolds numbers for both investigated gels. However, at higher Reynolds numbers the 
D10 mean diameter is observed to approach asymptotic values for both gels. The spray 
pattern is believed to play an important role in determining the effect of the Reynolds 
number on the arithmetic mean diameter. Once the spray transitions to the “Fully 
Developed” regime from the “Open Rim” regime, D10 is no longer observed to be as 
strongly affected for increasing Reynolds numbers. Figure 4.16a and 4.16b presents the 
“Open Rim” and “Fully Developed” regimes respectively for the 1.0 wt.-% agar spray. 
Figure 4.17 presents a pattern similar to the “Open Rim” regime for the 1.0 wt.-% kappa 
carrageenan spray. It is believed that the spray transitions to “Fully Developed” at 
approximately 5E+03 for the agar spray and 7E+04 for the kappa carrageenan spray. It 
should also be noted the D10 values between the two gels are very different for similar 
Reynolds numbers. Figure 4.18 presents the D10 value divided by the orifice diameter as a 
function of the HBE generalized Reynolds number.   
Both the D32 and MMD mean drop diameters are observed to decrease with 
increasing Reynolds numbers. These dimensionless numbers do not seem to be as strongly 
affected by transitions in atomization regimes. Rather, it is believed that fewer and fewer 
of the largest diameters are present for increasing Reynolds numbers. D32 values for agar 
and kappa carrageenan sprays are dissimilar for similar Reynolds numbers. Figure 4.19 
presents the D32 value divided by the orifice diameter as a function of the HBE generalized 
Reynolds number. The MMD values are similar at lower Reynolds numbers but then 
quickly diverge. Figure 4.20 presents the MMD value divided by the orifice diameter as a 
function of the HBE generalized Reynolds number.  
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It is believed that the greater surface tension of the kappa carrageenan gel is 
responsible for the larger D10, D32, and MMD drop diameters, compared to the agar spray. 
In order to investigate the effect of the surface tension (through the Weber number), the 
dimensionless probability density function is plotted for an approximately constant 
Reynolds number and varying Weber numbers. This is presented in Figure 4.21. It is 
observed that the gel with the lower Weber number (kappa carrageenan) produces larger 
drops. This is consistent with the established theory that the surface tension force inhibits 
breakup, thus resulting in larger drops.    
However, it is important to realize that there are other differences between the two 
gels than the surface tension. As discussed in Chapter 2, there is a significant difference in 
the molecular nature of the gels. Furthermore, differences in thixotropic nature are also 
believed to be a contributing factor. It was also assumed that the elastic component is 
negligible for the high strain-rates present in this atomization study. The dimensionless 
probability density function at an approximately constant Weber number, presented in 
Figure 4.22, further supports the complex nature of gel impinging jet atomization. The 
diameter probability density function is drastically different for the two gels. Furthermore, 
kappa carrageenan, which has a larger Reynolds number, actually produces a lower 
probability density of small diameter. 
Therefore, a more sophisticated dimensionless number is needed to characterize 
gelled atomization. A dimensionless number that incorporates one or more of molecular, 
thixotropic, and elastic effects in addition to inertial, viscous and surface tension effects.  
The mean diameters show that increasing the Reynolds number produces smaller drops for 
the agar and kappa carrageenan gels.  
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The impact of the increased inertial force for each of the two gels is also 
investigated through the probability density function. Figure 4.21 present the drop diameter 
number probability density functions for increasing Reynolds and Weber numbers for the 
1.0 wt.-% kappa carrageenan spray. The increase in these two dimensionless numbers is 
achieved by increasing the jet velocity. For the kappa carrageenan spray, the change in 
probability density function is observed for Regen,HBE = 4.07E+03, We = 1.31E+04 
compared to Regen,HBE = 5.90E+03, We = 2.13E+04. This change in probability density 
function is also observed compared to Regen,HBE = 9.93E+03, We = 4.29E+04. The trends 
in the probability density function for the two gels match well with the trend in the mean 





Table 4.5. Generalized Reynolds and Weber Numbers for gel solutions. 
Liquids Tested Re [-] We [-] 
1.0 wt.-% agar 
2.53E+03 ± 1.6E+02 8.59E+03 ± 3.9E+02 
3.76E+03 ± 2.4E+02 1.45E+04 ± 0.7E+03 
4.63E+03 ± 3.0E+02 1.91E+04 ± 0.9E+03 
5.50E+03 ± 3.5E+02 2.40E+04 ± 1.1E+03 
6.27E+03 ± 4.0E+02 2.86E+04 ± 1.3E+03 
7.12E+03 ± 4.6E+02 3.39E+04 ± 1.5E+03 
7.72E+03 ± 4.9E+02 3.79E+04 ± 1.7E+03 
1.0 wt.-% kappa 
carrageenan 
4.07E+03 ± 2.6E+02 1.31E+04 ± 0.6E+03 
5.07E+03 ± 3.2E+02 1.75E+04 ± 0.8E+03 
5.90E+03 ± 3.8E+02 2.14E+04 ± 1.0E+03 
6.73E+03 ± 4.3E+02 2.55E+04 ± 1.1E+03 
8.41E+03 ± 5.4E+02 3.43E+04 ± 1.5E+03 
9.21E+03 ± 5.9E+02 3.88E+04 ± 1.7E+03 














   
(a) (b) 
Figure 4.14. Spray pattern of 1.0 wt.-% agar. (a) Re,gen-HBE = 2.53E+003, 
We = 8.59E+003 (b) Re,gen-HBE = 5.50E+003, We = 2.40E+004. (Mallory, 2014). 
 
Figure 4.15. Spray pattern of 1.0 wt.-% kappa carrageenan. 
Re,gen-HBE = 5.07E+003, We = 1.75E+004. (Mallory, 2014). 




Figure 4.16. Normalized D10 versus Hershel-Bulkley  












Figure 4.17. Normalized D32 versus Hershel-Bulkley  










Figure 4.18. Normalized MMD versus Hershel-Bulkley  












Figure 4.19. Normalized probability density function versus normalized drop diameters at 
a constant Reynolds number for two gels. 
 




Figure 4.20. Normalized probability density function versus normalized drop diameters at 
a constant Weber number for two gels. 
  




Figure 4.21. Probability density function versus kappa carrageenan drop diameters as 





4.3.3 Liquid Solution Spray Characteristics. 
The two dimensionless numbers used to characterize the investigated liquid sprays 
are the Bird-Carreau generalized Reynolds number and the Weber number.  Chapter 2 
provides the expression for the Bird-Carreau generalized Reynolds number. Table 4.6 
presents the dimensionless numbers of the four liquids used in this test set. The generalized 
Reynolds number and Weber numbers are calculated using the rheological investigations 
presented in the previous sub-chapters. Figure 4.22 through 4.25 presents the spray patterns 
for sprays of 0.5 wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, 1.4 wt.-% CMC-7MF and 
deionized water. The images for the CMC liquids (with their corresponding injector and 
operating parameters) were also obtained in a private communication (Mallory, 2014).  
The D10 drop diameters of the different liquids show interesting trends that can be 
explained with the aid of the spray patterns. This is presented in Figure 4.26. The arithmetic 
mean diameter values for CMC-7HF are observed to vary with increasing Reynolds 
number after approximately Re = 1.5E+04. This may be due to the spray patterns 
transitioning from the “Open Rim” regime to the “Fully Developed” region. The spray 
patterns of the DI water are all generally in the “Fully Developed” regime. The D10 values 
of water are not observed to vary greatly. Both 0.8 wt.-% CMC-7MF and 1.4 wt.-% CMC-
7MF are observed to vary with Reynolds numbers. In fact, it can be observed that the 
arithmetic drop diameters transition to diameters approximately equal to those of water. 
The transitional region is likely between Re = 1.2E+04 and Re = 1.8E+04 for the 0.8 wt.-% 
CMC-7MF spray. The transition region is at approximately Re = 2.0E+04 for the 1.4 wt.-% 
CMC-7MF spray. Furthermore, it seems reasonable that the transitional region is related 
to the rheological behavior of the non-Newtonian liquid. There are a few instances where 
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the drop diameter of the CMC spray is less than that of the water spray at a similar Reynolds 
number. However, it should be noted that even at the similar Reynolds number, the jet 
Weber number of the CMC spray is larger than that of the water spray. Therefore, it appears 
as though surface tension has some effect on the D10 mean diameter.   
Both the D32 and MMD mean drop diameters are observed to decrease with 
increasing Reynolds numbers, as presented in Figures 4.27 and 4.28. Incredibly, all four of 
the liquids seem to follow a single curve for both of these mean drop diameters. 
Furthermore, these drop diameters do not seem to be affected by transitions in atomization 
regimes. Rather, as the Reynolds number is increases, fewer and fewer of the largest 
diameters are observed to be present in the spray. This shows the relevance of the Reynolds 
number for liquid impinging jet sprays, regardless of whether the liquid is Newtonian or 
non-Newtonian, particularly when surface tension, elastic, thixotropic, and molecular 
structure differences are negligible.  
Figure 4.29, which presents probability density function for various Reynolds 
numbers while keeping Weber number constant, supports this point. The dimensionless 
diameter number pdfs are observed to show that the probability density of small diameters 
increase with increasing Reynolds numbers. Figure 3.30 provides additional evidence of 
the importance of Reynolds number. Dimensionless number pdfs of diameter is nearly 
constant at the same Reynolds number – even though the Weber number is varied 
substantially.  
The mean diameters show that increasing the Reynolds number produces smaller 
drops for all three CMC liquids and water. The impact of the increased inertial force for 
each of the two gels is investigated through the probability density function. Figure 4.31 
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presents the drop diameter number probability density functions of 1.4 wt.-% CMC-7MF 
for increasing Reynolds and Weber numbers. A similar trend is observed for the other CMC 
liquids and for water. The increase in these two dimensionless numbers is achieved by 
increasing the jet velocity. The peak of the probability density function is observed to 
increase with greater inertial force. This increase is coupled with a decrease in probability 
density for the larger drops. The trends in the probability density function match well with 
the mean diameter trends.   
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Table 4.6. Generalized Reynolds and Weber Numbers for liquid solutions. 
 
Liquids Tested Re [-] We [-] 
0.5 wt.-% CMC-7HF 
9.47E+03 ± 6.1E+02 9.24E+03 ± 4.2E+02 
1.10E+04 ± 0.7E+03 1.24E+04 ± 0.5E+03 
1.26E+04 ± 0.8E+03 1.63E+04 ± 0.7E+03 
1.37E+04 ± 0.9E+03 1.93E+04 ± 0.9E+03 
1.49E+04 ± 1.0E+03 2.26E+04 ± 1.0E+03 
1.60E+04 ± 1.0E+03 2.62E+04 ± 1.2E+03 
1.68E+04 ± 1.1E+03 2.86E+04 ± 1.3E+03 
0.8 wt.-% CMC-7MF 
1.20E+04 ± 0.8E+03 6.21E+03 ± 2.8E+02  
1.54E+04 ± 1.0E+03 1.01E+04 ± 0.5E+03 
1.79E+04 ± 1.1E+03 1.34E+04 ± 0.6E+03 
1.99E+04 ± 1.3E+03 1.64E+04 ± 0.7E+03 
2.32E+04 ± 1.5E+03 2.21E+04 ± 1.0E+03 
2.50E+04 ± 1.6E+03 2.54E+04 ± 1.1E+03 





Table 4.6. continued. 
Liquids Tested Re [-] We [-] 
1.4 wt.-% CMC-7MF 
9.21E+03 ± 5.9E+02 5.16E+03 ± 2.3E+02 
1.20E+04 ± 0.8E+03 8.31E+03 ± 3.7E+02 
1.50E+04 ± 1.0E+03 1.24E+04 ± 0.6E+03 
1.91E+04 ± 1.2E+03 1.93E+04 ± 0.9E+03 
2.07E+04 ± 1.3E+03 2.24E+04 ± 1.0E+03 
2.22E+04 ± 1.4E+03 2.54E+04 ± 1.1E+03 
2.47E+04 ± 1.6E+03 3.10E+04 ± 1.4E+03 
DI Water 
1.85E+04 ± 1.2E+03 6.82E+03 ± 3.1E+02 
2.24E+04 ± 1.4E+03 1.01E+04 ± 0.5E+03 
2.52E+04 ± 1.6E+03 1.28E+04 ± 0.6E+03 
2.81E+04 ± 1.8E+03 1.58E+04 ± 0.7E+03 
3.05E+04 ± 2.0E+03 1.87E+04 ± 0.8E+03 
3.31E+04 ± 2.1E+03 2.19E+04 ± 1.0E+03 








    
(a)     (b) 
Figure 4.22. Spray pattern of 0.5 wt.-% CMC-7HF. (a) Re,gen-BC = 1.10E+04,     






    
(a)                                                            (b) 
 
    
(c)      (d) 
Figure 4.23. Spray pattern of 0.8 wt.-% CMC-7MF. (a) Re,gen-BC = 1.20E+04, We 
= 6.21E+03; (b) Re,gen-BC = 1.79E+04, We = 1.34E+04; (c) Re,gen-BC = 2.15E+04, 











Figure 4.24. Spray pattern of 1.4 wt.-% CMC-7MF. Re,gen-BC = 1.50E+004,         
We = 1.24E+04. (Mallory, 2014). 
 
 
Figure 4.25. Spray pattern of deionized water. Re,gen-BC = 2.52E+004,              





Figure 4.26. Normalized D10 versus generalized Bird-Carreau Reynolds number for three 
CMC liquids and water. 
 
  




Figure 4.27. Normalized D32 versus generalized Bird-Carreau Reynolds number for three 
CMC liquids and water. 
  




Figure 4.28. Normalized MMD versus generalized Bird-Carreau Reynolds number for 
three CMC liquids and water. 
  




Figure 4.29. Normalized probability density function versus normalized drop diameter at 
a constant Weber number for three CMC liquids and water. 
 
  




Figure 4.30. Normalized probability density function versus normalized drop diameter at 










Figure 4.31. Probability density function versus 1.4 wt.-% CMC-7MF drop diameters as 




4.3.4 Comparison of Experimental Drop Diameters to Model Predictions. 
D32 mean diameters for all investigated liquids and gels are compared with 
predicted values using the Ryan et al. (1995) inviscid model. All predicted values are 
greater than the experimentally measured diameters due to the limitations of the model. 
The deficiencies in existing models has been discussed in existing literature such as 
Anderson et al. (2006).   
 Figure 4.32 presents the D32 values of the agar and kappa carrageenan sprays and 
the predicted diameters versus the Weber number. Figure 4.33 presents the D32 values of 
the three CMC liquids and water sprays and their predicted diameters versus the Weber 
number. Although all of the diameters are over-predicted, the trends in the experimental 
data are captured by the model. Chapter 5 will discuss some suggested improvements for 





Figure 4.32. Measure D32 diameter and predicted diameter versus  





Figure 4.33. Measure D32 diameter and predicted diameter versus  




4.4 Influence of Jet Weber Number on Drop Velocities. 
4.4.1 Introduction. 
This sub-chapter presents drop velocity data for varying jet Weber numbers. 
Changing the operating pressure of the experimental apparatus enables variation of the jet 
velocity for each liquid, which then influences the jet Weber number. Fluids used for this 
study are: 1.0 wt.-% agar, 1.0 wt.-% kappa carrageenan, 0.5 wt.-% CMC-7HF, 0.8 wt.-% 
CMC-7MF, 1.4 wt.-% CMC-7MF, and deionized water. The following geometric 
configurations are used for this investigation: 0.686 mm orifice diameter, internal length-
to-orifice diameter ratio of 20, free jet length-to-orifice diameter ratio of 60, and 
impingement angle of 100 degrees. All measurements are taken at the centerline of the 
spray (x = 0 cm, y = 0 cm) at 5 cm downstream of the point of impingement (z = 5 cm). 
Table 4.7 presents the parameters for the model comparison. 50,000 samples are taken for 
each test and a bin size of 50 is used for the pdfs. 
 
4.4.2 Effect on Mean Drop Velocity. 
 For the investigated gels and liquids, the dimensionless drop axial velocity is 
observed to increase with increasing Weber numbers, as presented in Figure 4.34 for the 
investigated gels and Figure 4.36 for the investigated liquids. As discussed in Chapter 2, 
Anderson et al. (1991) noted a one to one scaling between the jet velocity and the drop 
velocity for water sprays. However, this is observed more so for the liquids than for the 




The experimental value of drop axial velocity is compared with the predicted value from 
drop ballistics theory. Equation 4.1 presents the ordinary differential equation used to 
calculate the drop velocity (Lefebvre, 1989). This equation is numerically solved using 










??,                (4.1)   
 
CDrag =  
24/Re, Re<2 
         (4.2)   18.5/Re0.6, 2<Re<1000 
0.44, 1000<Re . 
 
The length scale used to calculate the Reynolds number of the drop is the 
experimentally determined D32 mean diameter. The initial velocity of the drop is assumed 
to be the velocity of the jet. This is a reasonable assumption since the ligaments that are 
shed off the sheet have been experimentally determined to be very close to the jet velocity 
(Choo and Kang, 2003). The breakup length from the Ryan et al. (1995) inviscid analysis 







determine the breakup length. Reasonable agreement is observed between the experimental 
and predicted values, as presented in Figure 4.36. The equation for breakup length is: 








Table 4.7. Test parameters for velocity experimental to analytical comparison. 
Liquids  We [-] Uj [m/s] Xb [m] D32 [μm] 
DI Water 
1.58E+04 ± 0.7E+03 40.9 ± 0.7 0.018 130 
2.19E+04 ± 1.0E+03 48.2 ± 0.9 0.016 117 






Figure 4.34. Normalized drop axial velocity versus Weber number  






Figure 4.35. Normalized drop axial velocity versus Weber number  










4.4.3 Effect on Drop Velocity Probability Density Function. 
Due to the large root mean square values, a more detailed look at the drop velocities 
is required. One method to further investigate this is by comparing the pdfs of the drop 
velocity. In order to provide a relative comparism for the velocity pdfs, the mean drop 
velocity is subtracted from each velocity bin of the pdf. At higher jet velocities it is 
observed that there is a shorter peak for the drop velocity with the greatest probability 
density. The distribution is also observed to become increasingly wider. In other words, at 
higher jet velocities, the drop velocities in the spray are observed to be more polydisperse. 
Figure 4.37 and Figure 4.38 presents this for the 1.0 wt.-% kappa carrageenan and 1.4 wt.-%   
CMC-7MF sprays respectively. For each of the other liquids tested (both Newtonian and 






Figure 4.37. Probability density function versus realtive drop axial velocity of 1.0 wt.-% 





Figure 4.38. Probability density function versus relative drop axial velocity of 1.4 wt.-% 




4.5 Influence of Impinging Jet Geometry on Drop Size. 
4.5.1 Introduction. 
 This sub-chapter studies the influence of impinging jet geometry on the drop 
diameters for several non-Newtonian liquids. A parametric investigation is conduction, in 
which three parameters are varied independently: internal length-to-orifice diameter ratio 
(L/d), free jet length-to-orifice diameter ratio (x/d), and impingement angle (2θ). Deionized 
water is also tested in order to directly compare the spray behavior of the non-Newtonian 
liquids to a reference liquid. All measurements are taken at the centerline of the spray (x = 
0 cm, y = 0 cm) at 5 cm (z = 5 cm) downstream of the point of impingement.    
 
4.5.2 Influence of Internal Length-to-Orifice Diameter Ratio.  
 The internal length-to-orifice diameter ratio (L/d) is varied for values of 10, 20, and 
50 in this study. Fluids considered are 1.0 wt.-% agar, 1.0 wt.-% kappa carrageenan, 0.5 
wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, and deionized water. The other geometric 
parameters for this study are x/d = 60 and 2θ = 100 degrees. Table 4.8 presents test 
conditions for this investigation.  
 Using water as the test liquid, the discharge coefficients of the three injectors were 
discovered to vary considerably. Figure 4.39 presents a schematic of the injectors for this 
L/d parametric study along with their respective discharge coefficients. As discussed 
earlier in this chapter, the inertial force is observed to have a very strong effect for both 
Newtonian and non-Newtonian impinging jet atomization. Therefore, different 
backpressures are used in order to obtain similar jet velocities for each test.   
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The mean drop diameters of 1.0 wt.-% agar and water are observed to increase with 
larger L/d ratios. Figure 4.40 presents the D10, D32, and MMD diameters. The effect on the 
diameter number probability density function is shown in Figure 4.41. Although an effect 
is observed for agar, it is not observed for the other non-Newtonian liquids: 1.0 wt.-% 
kappa carrageenan gel and both of the CMC liquids (0.5 wt.-% CMC-7HF and 0.8 wt.-% 
CMC-7HF).  
Deionized water is observed to show strong signs of cavitation for the L/d ratio of 
10. Due to the jets showing a strong tendency to mis-impinge because of the hydraulic flip, 
spray measurements are not taken at this condition. As discussed in Chapter 2, other 
investigators have noted the hydraulic flip behavior at low L/d ratios and high jet velocities.  
At first glance, this variation for water does not appear to be in agreement with the 
Anderson et al. (1992) study described in Chapter 2. The study by Anderson et al. does not 
change the internal length in isolation to vary L/d, but rather changes both the orifice 
diameter and the internal length (L). The following geometries were used for that study: L 
= 3.2 mm with orifice diameter of 0.64 mm (L/d = 5), L = 51 mm with orifice diameter of 
1.45 mm (L/d = 35), and L = 51 mm with orifice diameter of 0.64 mm (L/d = 80). Because 
of the differences in the method used to vary L/d between the Anderson et al. study and 
this present work, it might not be suitable to compare the conclusions from the two studies. 
The increase in mean drop diameters in the present work is in agreement with the Fakhri 
et al. (2010) study discussed in Chapter 2. Fakhri and coworkers kept the orifice diameter 
constant at 0.5 mm and varied the internal length – as is done in this study. 
It is curious that the L/d ratio had an influence on the Agar gel, but not on the other 
non-Newtonian liquids tested in this study. Also, it is noteworthy that the non-Newtonian 
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liquids did not show signs of cavitation for the L/d ratio of 10, unlike water at the same L/d 
ratio and similar jet velocity. Thus, the influence of the gelling agent on the vapor pressure 
of the non-Newtonian solutions is another topic of interest.   
 
Table 4.8. Test parameters for internal length-to-orifice diameter investigation  











































































Figure 4.39. Schematic of injectors with discharge coefficients for varying internal 




(a) L/d = 10; Cd = 0.80 ± 0.02 
 
 
(b) L/d = 20; Cd = 0.70 ± 0.02 
 
 




(a) 1.0 wt.-% Agar 
 
 
(b) DI Water 
Figure 4.40. Mean drop diameters versus internal length-to-orifice diameter ratio.  




(a) 1.0 wt.-% agar 
 
(b) DI water 
Figure 4.41. Probability density function versus drop diameter for two values of L/d.  
(a) 1.0 wt.-% agar, (b) DI water. 
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4.5.3 Influence of Free Jet Length-to-Orifice Diameter Ratio. 
The free jet length-to-orifice diameter ratio (x/d) is varied for ratios of 50, 60, and 
70 in this study. Fluids considered are 1.0 wt.-% agar, 1.0 wt.-% kappa carrageenan, and 
deionized water. The other geometric parameters for this study are L/d = 20 and 2θ = 100 
degrees. Table 4.9 presents test conditions for this investigation.   
Varying the free jet length-to-orifice diameter ratio did not show a noteworthy 
effect on the mean drop diameters. Variations under the measurement uncertainty are 
observed for D10, D32, and MMD values for all three liquids considered. As discussed in 
Chapter 2, Anderson et al. (1992) reported that the x/d parameter does not have a strong 
influence for water sprays at high jet velocities. One takeaway from this study is that the 
negligible effect of L/d at high jet velocities for Newtonian impinging jet atomization, also 
holds true for both 1.0 wt.-% agar and 1.0 wt.-% kappa carrageenan gels. Thus, identifying 




Table 4.9 Test parameters for free jet length to-orifice diameter and 



















































4.5.4 Influence of Impingement Angle. 
The impingement angle (2θ) is varied for values of 90, 100, and 110 degrees in this 
investigation. Fluids considered are 1.0 wt.-% agar, 1.0 wt.-% kappa carrageenan, and 
deionized water. The other geometric parameters in this study are L/d = 20 and x/d = 60. 
Table 4.9 also presents test conditions for this investigation. 
Varying the impingement angle did not have the same effect on the mean drop 
diameters for the gel sprays compared with the water spray. Variations under the PDA 
uncertainty are observed for D10, D32, and MMD values for the agar and kappa carrageenan 
sprays. On the other hand, the D32 and MMD diameters for DI water are observed to show 
noticeable decrease – as presented in Figure 4.42. The different trends between the DI 
water and the gels are noteworthy.  
 As discussed in Chapter 2, Dombrowski and Hooper (1961) illustrated that the 
impingement angle has a double effect on the drop diameter for Newtonian liquids: the 
velocity component of the jets impacting each other and thickness of the sheet formed after 
impact. However, note that the Reynolds number of the gels is almost an order of 
magnitude lesser than that of water. It is likely that the effect of the viscous force on the 
thickness of the sheet overshadows the increase/decrease in inertia due to the change in 





(a) 1.0 wt.-% agar and 1.0 wt.-% kappa carrageenan 
 
 
(b) DI water 
 
Figure 4.42. Drop diameters versus impingement angle. (a) gels, (b) DI water. 
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4.6 Spatially Resolved Spray Characteristics. 
4.6.1 Introduction. 
This sub-chapter presents drop size and drop velocity data for varying spatial 
positions. As discussed in Chapter 3, a traverse system enables movement in all three 
spatial directions. Fluids used for this study are: 1.0 wt.-% agar, 1.0 wt.-% kappa 
carrageenan, 0.5 wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, and deionized water. 
Measurements are obtained at the x-y plane 5 cm downstream of the impingement point. 
Geometric parameter for this investigation are d0 = 0.686 mm, 2θ = 100 degrees, x/d = 60, 
and L/d = 20. The jet velocity of the different liquids is approximately 44 m/s. Table 4.10 
presents the Reynolds and Weber numbers for this test set. Measurements are made up to 
10 mm away from the centerline along the transverse axis in the plane of the sheet, and up 






Table 4.10 Generalized Reynolds and Weber numbers for spatially resolved spray 
characteristics investigation. 
 
Liquids Tested Re [-] We [-] 
1.0 wt.-% agar 6.27E+03±4.0E+02 2.86E+04±1.3E+03 
1.0 wt.-% kappa carrageenan 6.73E+03±4.3E+02 2.55E+04±1.3E+03 
0.5 wt.-% CMC-7HF 1.37E+04±0.9E+03 1.93E+04±0.9E+03 
0.8 wt.-% CMC-7MF 2.15E+04±1.4E+03 1.90E+04±0.9E+03 





4.6.2 Spatially Resolved Drop Diameters and Velocities along Transverse Axis in 
the Plane of the Sheet. 
PDA measurements are obtained in 5 mm increments across the transverse axis in 
the plane of the sheet. Measurements are obtained up to 10 mm in the transverse direction.  
In general, the drop diameters are observed to increase for positions away from the 
centerline of the spray in this axis. The drops break off from different radial locations of 
the sheet. Locations away from the ϕ = 0 sheet location is believed to produce larger 
diameters. Figure 4.43 and 4.44 presents’ data for the D10, D32, and MMD drop diameters 
of the CMC-7MF 0.8 wt.-% spray and the 1.0 wt.-% Agar spray. The other investigated 
sprays showed similar behavior.   
The general trend for drop velocity is that the drops at the centerline are moving 
faster than those at increasing radial distances. However, three contributing effects are in 
play here. The first is that there are velocity gradients on the sheet for radial locations away 
from the ϕ = 0 sheet location (Choo and Kang, 2002). In other words, the sheet velocity is 
lesser along the edges – and therefore the initial velocity of the drops breaking off from 
locations other than the centerline is also lower. The second effect is due to drop trajectory: 
the drops at the edges of the spray are affected by drag more so than the drops at the 
centerline – since they travel a greater distance. This effect should contribute towards 
reducing drop velocity. The third effect is the drop ballistics effect, and this opposes the 
previous two effects. Due to the drops away from the centerline generally being larger, 
these drops have a greater capability to overcoming drag. Velocity measurements show 
that the two effects contributing to the decrease in velocity (sheet velocity gradients and 
drop trajectory) dominate the effect that contributes to an increase in velocity (larger drop 
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diameters). Figure 4.45 – 4.46 presents plots for the mean axial velocities along with the 






Figure 4.43. Mean drop diameters versus transverse distances  




Figure 4.44. Mean drop diameters versus transverse distances  







Figure 4.45. Mean axial drop velocity versus transverse distances  






Figure 4.46. Mean axial drop velocity versus transverse distances  





4.6.3 Spatially Resolved Drop Diameters and Velocities along Transverse Axis in 
the Plane Normal to the Sheet. 
PDA measurements are obtained in 5 mm increments along transverse axis in the 
plane normal to the sheet. Measurements are obtained up to 20 mm in the transverse 
direction.  
In general, the drop diameters are observed to increase for positions with increasing 
transverse location. After the two jets impinge, a substantial amount of mass is deflected 
along this axis. The larger drops have a superior capability to overcome drag, and as a 
result they tend to travel further along this axis compared to the smaller drops. Therefore, 
mean drop diameters show a tendency to increase with radial locations away from the 
centerline. Figure 4.47 – 4.48 presents plots for the D10, D32, and MMD drop diameters for 
the 0.5 wt.-% CMC-7HF and the 1.0 wt.-% kappa carrageenan sprays. The other 
investigated sprays showed similar behavior.  
The general trend for drop velocity is that the drops at the centerline are moving 
faster than those towards the edges of spray. However, two opposing effects are in play 
here. The first is that the drop trajectory from the point of breakup from the sheet to the z 
= 5 cm axial location is longer for the drops at the edges. Therefore, these drops are affected 
by drag more so than the drops at the centerline. As a result, the drops at the edges have a 
lower mean velocity. However, recall that the drops away from the centerline are also larger 
– therefore they have a greater capacity to overcome drag. Velocity measurements show 
that until a certain distance away from the centerline, these effects cancel each other and 
roughly constant velocity is observed. However, with increasing radial distances, the effect 
from the longer trajectory dominates the effects from the larger diameters. Figure 4.49 – 
163 
 
4.50 presents plots for the mean axial velocities and the velocity root mean square for the 
0.5 wt.-% CMC-7HF and the 1.0 wt.-% kappa carrageenan sprays. The other investigated 




Figure 4.47. Mean drop diameters versus transverse distances  




Figure 4.48. Mean drop diameters versus transverse distances  





Figure 4.49. Mean axial drop velocities versus transverse distances  






Figure 4.50. Mean axial drop velocities versus transverse distances  






This chapter begins with results from the investigation of the bulk and interfacial 
rheological characteristics of the non-Newtonian fluids considered in this study. The 
generalized Reynolds numbers and the Weber numbers of the jet were used to compare the 
spray characteristics. Analytical models are used to compare with the experimental data 
for mean drop diameters and mean drop velocities. Results are presented from the 
investigation of the influence of impinging jet geometry on the drop diameters. The 
spatially resolved characteristics of the impinging jet spray is also presented. Key findings 
from these investigations and several directions for future work are detailed in chapter 5.  
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CHAPTER 5.  SUMMARY AND CONCLUSIONS 
5.1 Introduction. 
Although there is an abundance of available literature for Newtonian impinging jet 
studies, this is not currently available for non-Newtonian studies. In fact, experimental 
studies of non-Newtonian impinging jet sprays with a high fidelity instrument, such as the 
Phase Doppler Anemometer, are not available at all.  
This work directly addressed this scarcity in literature for non-Newtonian 
impinging jet atomization. A PDA system was used to obtain drop size and drop velocity 
measurements of several non-Newtonian fluids, with water also investigated to provide a 
side-by-side comparison with a reference liquid. Experimental measurements were 
presented of the rheology of the non-Newtonian fluids. The impact of rheology on the spray 
characteristics was investigated, through the jet Reynolds and Weber numbers. The 
influence of impinging jet geometry on the atomization of gels was also determined. 
Spatially resolved characteristics of the investigated non-Newtonian sprays were also 
investigated. This chapter will present consolidated results obtained through these different 






5.2 Summary of Key Results. 
Based on the rheometer measurements, it was observed that 1.0 wt.-% agar and 
1.0 wt. % kappa carrageenan fluids show yield stress behavior. The yield stress 
behavior was not observed for the three CMC fluids investigated. Rheometer data was 
obtained for a wide range of shear rates, in order to investigate the shear-thinning 
behavior of these liquids. The Hershel-Bulkley Extended rheological model was used 
to characterize the strain rate dependency of viscosity for the two gels. The Bird-
Carreau model was used to characterize the strain rate dependency of viscosity for 0.5 
wt.-% CMC-7HF, 0.8 wt.-% CMC-7MF, and 1.4 wt.-% CMC-7MF. Hershel-Bulkley 
Extended parameters and Bird-Carreau parameters were presented for the two gels and 
the three CMC liquids respectively. A contact angle goniometer was used with Young’s 
equation to experientially determine the surface tension of the two gels. The kappa 
carrageenan solution was observed to have a higher static surface tension value than 
the static surface tension value of the agar solution. However, both of these values are 
lower than the surface tension value of water. A Du Noüy ring tensiometer was used to 
experimentally measure the surface tension of the CMC liquids and water. The CMC 
solutions were observed to have surface tension values very close to that of water. All 
surface tension measurements were taken at room temperature. 
The agar and the kappa carrageenan sprays showed a tendency to decrease in 
mean drop diameters with an increase in Hershel-Bulkley Extended generalized 
Reynolds number. However, each of these gels seemed to follow its own curve. This 
may be due to differences in surface tension, thixotropic, elastic, and/or molecular 




tendency to decrease in mean drop diameters with an increase in Bird-Carreau 
generalized Reynolds number. One significant observation is that the CMC liquid and 
water sprays seemed to collapse onto a single mean drop diameter versus generalized 
Reynolds number curve for D32 and MMD. This may be because the differences in 
surface tension, thixotropic, elastic, and/or molecular effects are negligible between 
these liquids.      
Smaller drops resulting from the increase in inertial force is reflected in the 
diameter probability density functions. The pdfs of the 1.4 wt.-% CMC-7MF spray is 
presented to illustrate this phenomenon. The probability density of smaller drops is 
increased and the probability density of large drops is decreased for increasing 
Reynolds and Weber numbers. The Ryan et al. inviscid model over-predicted drop 
diameters for all of the fluids investigated. This adds further evidence to the 
shortcomings of the currently available analytical models.   
Increasingly the jet Weber number generally produced sprays with a greater 
mean drop axial velocity. This is observed for both gels, all three CMC liquids, and 
water. This is because the increase in inertial from the jets is ultimately transferred to 
the drops. A simple drop ballistics model confirmed the validity of the experimentally 
measured drop velocities. Another noteworthy observation is that increasingly wider 
drop velocity distributions were observed for increases in the jet Weber number.  
An increase in the internal length-to-orifice diameter ratio was observed to 
produce larger drop diameters for the 1.0 wt.-% agar spray and the water spray. 
However, this was not observed for the other non-Newtonian liquids investigated. The 




the investigated gelled sprays nor for the water sprays. This is a commonality observed 
between atomization of non-Newtonian and Newtonian liquids. The impingement 
angle was not observed to have an effect on the investigated gels, but was observed to 
affect the water spray. The viscosity of the gels is believed to be the reason for the lack 
of influence of changes in the impingement angle.  
Along both the axis transverse in the plane of the sheet and the axis transverse 
in the plane normal to the sheet, larger mean drop diameters and lower mean drop axial 
velocities were generally observed. This is common for sprays of both gels, all three 
CMC liquids, and water. The change in the axis transverse in the plane of the sheet is 
illustrated with mean diameters versus position and mean velocities versus position for 
the 1.0 wt.-% agar spray and the 0.8 wt.-% CMC-7MF spray. The change in the axis 
transverse in the plane normal to the sheet is illustrated with mean diameters versus 
position and mean velocities versus position for the 1.0 wt.-% kappa carrageenan spray 




5.3 Future Work 
Based on the results of this thesis, recommendations for future work include: 
? A detailed understanding of the elastic, thixotropic, and molecular effects of the 1.0 
wt.-% agar and 1.0 wt.-% kappa carrageenan gels at high strain rates. 
? Investigating the impinging jet spray formation of an elastic liquid such as a water 
based xanthan solution would provide insight on the effect of elasticity on non-
Newtonian impinging jet sprays.  
? A detailed investigation of the effect of rheology on the degree of influence of the 
geometric parameters is needed to understand why certain parameters strongly 
affect only particular non-Newtonian sprays.  
? A non-Newtonian linear instability model based on the Hershel-Bulkley Extended 
rheological model would yield insight on the effect of the Herschel-Bulkley 
Extended parameters on impinging jet spray formation.  
? A more sophisticated analytical model (even for the inviscid case) is needed to 
accurately predict the drop diameters. The three step breakup process outlined in 
Anderson et al. (2006) would be a good starting point. Analytically incorporating 
the impact wave phenomenon to the breakup of the sheet is needed. Furthermore, 
the breakup of ligaments to drops should incorporate the aerodynamic loading of 
the ligaments traveling through the environment.  
? An experimental study of the impinging jet sheet properties (sheet thickness, sheet 
width, sheet breakup length, sheet velocity), ligament properties (ligament diameter, 




velocity) using digital in-line holography would provide additional insight on both 
Newtonian and non-Newtonian impinging jet spray formation. 
? Mass flux measurements using an optical patternator would give further insight on 
the spatial distribution of non-Newtonian impinging jet sprays.  
? Atomization studies with nanoparticles introduced into the agar and kappa 
carrageenan gels would provide insight on the potential for improved performance 
using these gels. 
? An analysis of the drop diameter measurements presented in this work from the 
perspective of the combustion instability parameter.  
? Influence of the agar and kappa carrageenan agents on the drop burning 
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Appendix A PDA Settings. 
The PDA is configured in non-coincidence mode with specified values for the 
Processor, Group, PDA and LDA, and Optical PDA. Values are selected to yield high 
validation and high data rates. A trial and error method is used to determine the optimal 
parameters based on quality of phase plot, quality of bursts, validation, spherical validation, 
and data rate. This method is illustrated with the following set of tests for Sensitivity, Signal 
Gain, and Record Length.  
The Sensitivity setting of PD1, LDA2, LDA3, and PDA4 is varied while keeping 
all other parameters constant. The Sensitivity sets the high voltage level to the photo-
multiplier. Tests were conducted for Sensitivity values of 800 V, 1000 V, and 1200 V. The 
phase plots were generated through the Dantec Dynamics BSA software. 50,000 data 
points are collected for each test. Measurement is obtained at the centerline of the spray, 
and at 5 cm below the point of impingement.  
It is observed from the phase plot that the 800 V Sensitivity setting had the greatest 
number of red dots. The red dots represent the data points that were not validated. 
Furthermore, the concentration of blue dots on the bottom left is noticeable higher on the 
diagonal line compared to the Phase Plots for a sensitivity of 1000 V and 1200 V. This 
indicated that the 800 V setting did not detect the smallest drop diameters. The Phase Plot 
with the 1200 V has a concentration of red dots in the bottom right corner. This means that 
the signal is too noisy, and that the Sensitivity must be lowered. Mean drop diameters from 
the 800 V settings clearly confirm that the smallest diameters were not detected. Based on 
this test it is determined that the sensitivity of 1000 V is the optimal setting.    
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The Signal Gain of PDA1 is varied while keeping all other parameters constant. 
The Signal Gain is the gain of the photo-multiplier signal amplifier. Tests were conducted 
for Signal Gain values of 18 dB, 20 dB, and 22 dB. These phase plots were also generated 
through the Dantec Dynamics BSA software. 50,000 data points were once again collected 
for each test. 50,000 data points are collected for each test. Measurement is obtained at the 
centerline of the spray, and at 5 cm below the point of impingement. It can be observed 
that the Phase Plot with the 18 dB Signal Gain has the greatest number of red dots. 
Furthermore, the concentration of blue dots on the bottom left is noticeable higher on the 
diagonal line compared to the phase plots for Signal Gain of 20 dB and 22 dB. This, of 
course, indicated that the 18 dB setting did not detect the smallest drop diameters.  The 
Phase Plot with the 22 dB has a slight concentration of red dots in the bottom right corner. 
This indicates that the signal is a slightly noisy, and should be lowered. The mean drop 
diameters of the Signal Gain tests are not nearly as varied as the Sensitivity tests. Therefore 
indicating that for this spray, the Signal Gain is not as strong of a input parameter compared 
to Sensitivity. Based on the conclusions from this test, a Signal Gain of 20 dB is selected. 
The Record Length of PDA1 is varied while keeping all other parameters constant. The 
Record Length is closely related to the Bursts that are displayed on the system monitor 
screen. Record Length values of 64, 128, and 256 were tested. Once again, the phase plots 
were generated through the Dantec Dynamics BSA software. 50,000 data points are 
collected for each test. Measurement is obtained at the centerline of the spray, and at 5 cm 
below the point of impingement. It was observed that the greatest number of red dots are 
present is the Phase Plot with the 64 Record Length. Furthermore the quality of the Bursts 
was significantly poorer for this test than the test with the Record Length of 128 and 256. 
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This indicates that 64 is not a good setting for Record Length. For the Record Length 
setting of 256 dB, the concentration of blue dots on the bottom left was noticeable higher 
on the diagonal line compared to the other two phase plots in this test set. Once again, this 
indicated that the 256 Record Length setting did not detect the smallest drop diameters. 
Also, the quality of Bursts was not as good with the 256 Record Length setting compared 
to the 128 setting. However, the mean drop diameters of the record length tests did not 
show much variation. Based on the conclusions from the phase plot and Burst quality, a 
Record Length of 128 is selected.    
The typical PDA Settings for this work is detailed in the Table A.1. Items that were 
not available for selection are denoted with [ ]. 
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Table A.1. Detailed PDA settings.  
Measurement 
Start/Stop 
Start actions [Start independently] 
Stop actions [Stop independently] 
Stop events [(No stop events defined)] 
Stop event actions Stop on every stop event 
Traverse 
Disable traverse No 
Prompt before region No 
Prompt before position No 
Bypass error No 
Wait below error 60.000 s 
Delay between positions 0.000 s 
Miscellaneous 
Save method After each position 
Send email No 
Email address  
Automatic apply lock No 
Allow skipping positions Yes 
Acquisition timeout 600.000 s 
General 
User interface Advanced 
High voltage activation Automatic 
Anode current warning level 90 % 
Data collection mode Burst 
Duty-cycle [100.00 %] 
Dead-time [100.0 μS] 
Calibration mode Automatic 
40 MHz frequency shift Enable 
Variable frequency shift Disable 
Variable shift frequency [80.00 MHz] 
Processor – Group 1 
Acquisition and monitor 
Max. samples 50000 
Max. acquisition time 3600.000 s 
Coincidence method Overlapped 
Coincidence window [10.0 μS] 
Scope display Burst signal 
Scope zoom 800 % 
Scope trigger channel Individual 
 
LDA 1 - Range and gain 
Center Velocity 15.75 m/s 
Velocity span 63.07 m/s 
Record length mode Fixed 
Record length 128 
Maximum record length [256] 
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Sensitivity 1000 V 
Signal gain 20 dB 
Burst detector SNR level 5 dB 
Anode current limit 1500 μA 
Level validation ratio 4 
PDA 2 - Range and gain Sensitivity  1000 Keep sensitivity balance Yes 
PDA 3 - Range and gain Sensitivity  1000 
Keep sensitivity balance Yes 
Processor – Group 2 
Acquisition and monitor 
Max. samples 50000 
Max. acquisition time 3600.000 s 
Coincidence method Overlapped 
Coincidence window [10.0 μS] 
Scope display Burst signal 
Scope zoom 800 % 
Scope trigger channel Individual 
LDA 4 – Range and gain 
Center Velocity 0.00 m/s 
Velocity span 18.76 m/s 
Record length mode Fixed 
Record length 32 
Maximum record length [256] 
Sensitivity 1000 V 
Signal gain 16 dB 
Burst detector SNR level 5 dB 
Anode current limit 1000 μA 
Level validation ratio 4 
Optical PDA System 
Beam System U1 
Wavelength 532.000 nm 
Focal Length 400.000 mm 
Beam diameter 1.350 mm 
Expander ratio 1.000 
Beam spacing 38.00 mm 
Frequency shift 40.00 MHz 
Beam System U1 
Wavelength 632.800 nm 
Focal Length 400.000 
Beam diameter 1.350 mm 
Expander ratio 1.000 
Beam spacing 38.000 mm 
Frequency shift 40.00 MHz 
PDA Receiver 
Receiver type 112 mm Fiber PDA 
Scattering ange 30.0 deg 
Receiver focal length 310.000 mm 
Receiver expander ratio 1.000 
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Fringe direction Negative 
Scattering Mode Refraction 
Aperture mask Mask B 
Phase ratio validation 30.00 % 
Spatial filter Slit: 0.200 mm 
Maximum particle diameter 116.2 μm 
Particle Properties 
Particle Name Water 
Particle refractive index 1.334 
Particle specific gravity 1.000000 
Particle kinematic viscosity 0.000001 m2/s 
Medium Properties 
Medium Name Air 
Medium Refractive Index 1.000 




Window Correction Window type None Eff. Scattering angle [30.0 deg] 
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Appendix B Drop Size-Velocity Correlations. 
Investigating the influence of jet velocity by making use of the probability density 
function gives insight on its influence on the drop diameter and the drop velocity. However, 
it does not provide details on the relationship between drop size and drop velocity at the 
different jet velocity conditions. In order to investigate this, the drop velocity of each drop 
in the spray is plotted against its drop diameter. Figures B.1 – B.6 present the drop size-
velocity correlations for each of the liquids tested at various jet velocities.  
At low jet velocities, a wide variety of drop diameters are moving at roughly the 
same velocity. The size-velocity plots then show that initially the curves shifts towards 
greater correlation for increased jet velocities. As the jet velocity is increased, a significant 
size velocity correlation is observed: larger drops are moving much faster than smaller ones. 
However, with further increase in jet velocity the correlation becomes weaker – and trends 
in the other direction. Drops of the same diameter are actually moving at many different 
velocities at the highest jet velocities. 
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Figure B.1. The influence of jet velocity on the size-velocity correlation of the 1.0 wt.-% 





(a)           (b) 
 
(c) 
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Figure B.2. The influence of jet velocity on the size-velocity correlation of the 1.0 wt.-% 




(a)           (b) 
 
(c) 
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Figure B.3. The influence of jet velocity on the size-velocity correlation of the 0.5 wt.-% 




(a)           (b) 
 
(c) 
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Figure B.4. The influence of jet velocity on the size-velocity correlation of the 0.8 wt.-% 
CMC-7MF spray. (a) Uj = 25.6 m/s (b) Uj = 37.6 m/s (c) Uj = 48.3 m/s. 
  
 
(a)           (b) 
 
(c) 
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Figure B.5. The influence of jet velocity on the size-velocity correlation of the 1.4 wt.-% 
CMC-7MF spray. (a) Uj = 23.4 m/s (b) Uj = 36.3 m/s (c) Uj = 48.8 m/s. 
  
 
(a)           (b) 
 
(c) 
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Figure B.6. The influence of jet velocity on the size-velocity correlation of the DI water 
spray. (a) Uj = 26.9 m/s (b) Uj = 36.8 m/s (c) Uj = 48.2 m/s. 
 
(a)           (b) 
 
(c) 
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Appendix C Spatially Resolved pdfs. 
Investigating the influence of jet velocity by making use of the probability density 
function gives insight on its influence on the drop diameter and the drop velocity. However, 
it does not provide details on the relationship between drop size and drop velocity at the 
different jet velocity conditions. In order to investigate this, the drop velocity of each drop 
in the spray is plotted against its drop diameter. Figures B.1 – B.6 present the drop size-
velocity correlations for each of the liquids tested at various jet velocities.  
  At low jet velocities, a wide variety of drop diameters are moving at roughly the 
same velocity. The size-velocity plots then show that initially the curves shifts towards 
greater correlation for increased jet velocities. As the jet velocity is increased, a significant 
size velocity correlation is observed: larger drops are moving much faster than smaller ones. 
However, with further increase in jet velocity the correlation becomes weaker – and trends 
in the other direction. Drops of the same diameter are actually moving at many different 
velocities at the highest jet velocities.  
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(a) Drop diameter pdf. 
 
(b) Drop velocity pdf. 
 
Figure C.1. Spatially resolved probability density function for 0.5 wt.-% CMC-7HF spray 
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.  
(a) Drop diameter pdf. 
 
 
(b) Drop velocity pdf. 
 
Figure C.2. Spatially resolved probability density function for 0.8 wt.-% CMC-7MF 
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(a) Drop diameter pdf. 
 
 
(b) Drop velocity pdf.  
 
Figure C.3. Spatially resolved probability density function for 1.0 wt.-% agar spray from 
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(a) Drop diameter pdf. 
 
 
(b) Drop velocity pdf. 
 
Figure C.4. Spatially resolved probability density function for 1.0 wt.-% kappa 
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(a) Drop diameter pdf. 
 
 
(b) Drop velocity pdf. 
 
Figure C.5. Spatially resolved probability density function for DI water spray from spray 
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